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Non technical summary
Objectives
A) Improving spawning success and egg and larval quality of farm-grown greenlip abalone.
1. To conduct a workshop to identify the experimental strategy most likely to lead to an 
improvement in current broodstock diets.
2. To determine the differences in spawning success and offspring performance (hatchability, 
larval survival and settlement) for female abalone conditioned on formulated diets compared 
to abalone from the wild.
. To correlate the biochemical composition of eggs with spawning success, larval survival 
and settlement.
4. To identify individual nutritional components (focusing primarily on fatty acids) that may 
influence spawning success and offspring performance and test these in newly formulated 
broodstock diets.
B) Evaluation of alternative feeds and nursery systems during the latter phase of greenlip 
abalone nursery production.
5. To identify suitable algal species (germlings of macroalgae or chain forming, attached 
diatoms) that promote growth of juveniles between 5-15 mm in shell length.
6. To identify mass culture techniques for the above algae that are commercially practical and 
easily adopted by industry.
7. To compare alternative nursery management strategies concurrently by conducting 
an experiment at a commercial facility. To determine the subsequent growth rate, size 
variability and survival of 5 mm animals a) transferred into intermediate weaner tanks 
and fed a formulated feed versus b) maintained in nursery system and fed natural diatoms 
supplemented with an alga versus c) maintained in nursery system and fed natural diatoms/
Ulvella lens all at high animal stocking density compared to d) maintained in nursery system 
at a low stocking density on natural diatoms/Ulvella lens
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8. To compare newly isolated algal species for their ability to provide sufficient food biomass 
for 5-15 mm animals.
9. To undertake a cost/benefit analysis of the alternative nursery management strategies. 
Outcomes achieved to date
A range of experiments aimed at optimizing broodstock performance and nursery culture 
of greenlip abalone (Haliotis laevigata) were undertaken in Western Australia. Factors 
investigated that can potentially influence broodstock performance were natal source 
(wild-caught or farm-grown) and broodstock diets (red algal diet or formulated diet 
varying in levels of an important fatty acid). Wild-caught broodstock, feeding mainly on 
a red seaweed diet, produced eggs with higher concentrations of an important fatty acid, 
arachidonic acid, whereas farm-grown broodstock, feeding on a commercial formulated 
diet, altered the concentration of fatty acids of the eggs. Feeding farm-grown broodstock 
natural diets like red seaweeds will be beneficial to the performance of the offspring and this 
practice is recommended  months prior to spawning. Nursery production was optimized 
by determining the right diatom species for the right stage of juvenile production and with 
the gradual weaning of juveniles onto formulated feed once juveniles reach about 7mm in 
shell length. Supplementing diets with juvenile stages of seaweeds will be beneficial under 
sub-optimal environmental conditions such as high seawater temperature. The project has 
successfully developed algal culture techniques to facilitate this practice. Diatom culture 
is not economic to maintain high growth rates of large juveniles (>7mm in shell length). 
However, seaweed culture is possible with minimal additional infrastructure cost, if 
used for targeted and specific purposes, like supplementary feeding juvenile abalone and 
broodstock abalone.
A  Improving spawning success and egg and larval quality of farm-grown 
greenlip abalone
A.1  Conditioned vs. wild caught greenlip abalone broodstock
Fatty acid composition of eggs
Eggs derived from wild broodstock, which feed preferentially on red seaweeds, showed about 
twice as much arachidonic acid (ARA) compared to eggs from conditioned broodstock, which 
were supplied with a formulated diet low in arachidonic acid. ARA is a major precursor of 
prostaglandins, which play a vital role in molluscan reproduction. Formulated feed has high 
linoleic acid and the proportion of this fatty acid was 10 times higher in eggs spawned from 
animals fed formulated feed than in eggs of wild caught broodstock. Therefore, relative 
proportions of these fatty acids of the broodstock diets were reflected in the abalone eggs. 
Three months of feeding an altered diet is sufficient to alter the fatty acid profile of the abalone 
eggs. Detailed investigations on specific fatty acids were necessary.
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Total lipid and moisture of abalone eggs and larval performance
Preliminary results suggest that smaller eggs had higher total lipid contents with a higher larval 
hatch rate, whereas eggs with a high amount of moisture resulted in low larval settlement rates. 
Further experiments on the effects of egg biochemical composition on offspring performance 
were required.
A.2  Evaluation of enriched formulated diets
Effect on feed intake, spawning success and offspring performance
Greenlip abalone broodstock successfully conditioned at 17°C and 16 weeks (111°C-days 
Effective Accumulative Temperature - EAT) spawning intervals, however longer conditioning 
periods are required for consistent ongoing spawning success and offspring performance 
(>2262°C-days EAT). We recommend rotating sets of broodstock so that individual sets are 
spawned only once every 8 months.
Wild-caught broodstock showed substantially higher, feed intake (on a dry matter basis) on 
a red seaweed diet compared to formulated feeds and broodstock did not loose any weight 
on the seaweed diet after the first 4 weeks. We recommend feeding red or mixed seaweeds to 
broodstock. A seaweed diet is easier to manage in a conditioning unit, because seaweed can 
stay in the tanks for a longer period of time (eg 1 week) and animals do not need to be disturbed 
whereas formulated feed needs to be removed at least every 2 days and consequently a lot of 
food is wasted.
Females feeding on formulated diets spawned larger batches of eggs than females feeding on 
red seaweed but a higher percentage of eggs derived from formulated feed treatments were 
not fully developed. Other vital ingredients present in red seaweeds are potentially missing in 
formulated diets. Further work on other specific nutritional components of red seaweeds like 
carotenoids or vitamins and their effect on spawning success and offspring performance are 
needed. 
We observed an extremely large variability in spawning success and batch size between 
individual females. During times of lower spawning success, eggs contained lower amounts of 
protein. We recommend on-farm conditioning and ongoing selection of abalone broodstock to 
reduce the extremely large variability in spawning success and batch size between individual 
females. It may be possible to develop a pre-spawning screening test of broodstock gonad 
tissue to determine relative amounts of protein and predict spawning success.  
Smaller, farm-grown broodstock (80-95 mm in shell length) spawned smaller batches of 
eggs per individual female (0.05 to 1.0 x 106 eggs; average 0.25 x 106 eggs) compared to 
larger broodstock (0.02 to 8.5 x 106 eggs; average 1.27 x 106 eggs). Smaller broodstock may 
require even longer conditioning periods than fully grown larger stock, because smaller stock 
(80-95 mm in shell length) are still expected to gain weight and potentially need more energy. 
Feed intake of farm-grown broodstock was slightly higher than wild caught stock when feeding 
formulated feed, but still much lower than on the seaweed diet. Broodstock were eating more 
when more food was available, even though food was always offered in excess. Farm-grown 
broodstock gained more weight when feeding on the seaweed diet.
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Variation in egg size
Eggs spawned from females feeding on a red seaweed diet were smaller than eggs from the Low 
ARA treatment. Batches spawned from the same female abalone became more variable over 
three consecutive spawning rounds (16 weeks apart) indicating that eggs released may not have 
been fully developed. Abalone eggs with larger jelly coats (layer that surround the abalone eggs) 
contained a higher percentage of the fatty acids arachidonic acid (ARA) and eicosapentaenoic 
acid (EPA). The variability of egg diameter within a batch changes from female to female and 
highlights the importance of selecting successful broodstock for conditioning in commercial 
hatcheries.
Importance of specific fatty acids
Individual fatty acids like ARA can be enhanced in abalone eggs by feeding an enriched diet to 
the female broodstock. Fatty acid profiles of abalone eggs differed between the treatments and 
reflected the difference in fatty acid profiles of the broodstock diets. A ratio of the ARA/ EPA in 
abalone eggs above 1 yielded high settlement rates of > 40%, whereas ratios below 1 resulted in 
lower than 0% settlement. This result indicated that relative amounts of individual fatty acids 
are not as important. However the ratio of ARA/ EPA may be important for larval settlement. At 
present formulated feeds contain very low amounts of ARA (0.%) and an ARA/ EPA ratio of 
1:11. We recommend enhancing the levels of ARA in formulated diets and aiming for an ARA/ 
EPA ratio of above 1. Further experiments are necessary to confirm if improved broodstock 
diets will result in improved larval settlement. Combined diets or rotation diets including both 
formulated and red seaweeds (often high in ARA) could be tested to establish if the same result 
can be achieved without changes in diet formulation. 
B Evaluation of alternative feeds and nursery systems during the latter phase 
of greenlip abalone nursery production
B.1 Investigation of optimal culture condition for three benthic diatoms (Cocconeis 
sublittoralis, Achnanthes longipes and Navicula cf. jeffreyi)
Culture conditions
C. sublittoralis can grow well in a range of light intensities (80 - 1,217 lux) and is thus suited 
for the changing light conditions in a commercial abalone nursery. A. longipes grows well 
under high light conditions (1,412 - 4,400 lux) at both low (18°C) and high (25°C) temperatures 
indicating that this species is more suited to culture in unshaded tanks and higher in the water 
column, on plates closer to the water surface. Navicula cf. jeffreyi was significantly higher in 
cell density when grown separately compared to in a combined culture with C. sublittoralis. 
However C. sublittoralis is substantially larger with a cell volume of 20,184 µm compared to 
67 µm for N. cf. jeffreyi. Thus the cell density of N. cf. jeffreyi must be around 4 times higher 
than C. sublittoralis to achieve similar biomass. N. cf. jeffreyi is a pioneer species (early coloniser) 
whereas C. sublittoralis is likely to eventually outcompete N. cf. jeffreyi. C. sublittoralis is a 
suitable diatom species for commercial abalone nurseries to feed the photophobic juveniles 
during the latter phase of juvenile production.
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Biochemical composition
The percentage of protein was significantly higher in N. cf. jeffreyi in comparison to the other 
two species whereas A. longipes contained significantly higher percentage lipid.
Suitability of three diatoms species in commercial abalone culture
Juvenile abalone were successfully maintained on diatom diets for at least 18 weeks (to ca. 8 
mm in SL) after which growth slowed. All diatom species declined in density after week 18 
coinciding with a drop in temperature from 20.4 ± 0.1°C at the beginning of the experiment to 
16.2 ± 0.1°C. Specific growth rates and weight gain of abalone were highest in a mixed diatom 
treatment and biomass was highest in this treatment from week four onwards. The results 
indicate that food biomass is more important for these animals than biochemical composition. 
Culturing and maintaining microalgae for larger juveniles in the nursery system involved more 
labour compared to the tank systems feeding formulated feed, suggesting that in higher labour 
cost countries, juveniles should be weaned onto a formulated feed as early as possible. We 
recommend moving animals into a tank system to feed formulated feed once they reach 7 
mm in shell length. The weaning process can be delayed eg to 17 mm, by supplementing with 
macroalgal germlings (see below), if the seawater temperature is high and high mortality is 
expected when weaning onto formulated diets.
B.2  Germlings of the macroalgae Ulva sp. a suitable new food source for juvenile 
greenlip abalone
Germlings of the green alga Ulva sp. were developed as a diet for juvenile greenlip abalone (5-
10 mm in shell length). The growth rate on both diets exceeded 100 µm.day-1. The protein level 
in the Ulva germling diet was significantly higher than the Ulvella lens/Navicula cf. jeffreyi diet 
however, the Ulvella lens/Navicula cf. jeffreyi diet resulted in abalone of significantly larger 
shell length at the end of the 14-week feeding trial. High lipid level present in the Ulva germling 
(7 ± 1.6%) diet may have reduced the optimal growth rates in this treatment. 
B.3  Assessment of juvenile diets (algae or formulated feed) 
The algal diet consisting of Ulvella lens produced the best growth rates during the first 4 weeks 
of the experiment, when juveniles reached about 9 mm in shell length and seawater temperatures 
averaged 20.1°C. Growth rates on the algal diet declined rapidly thereafter, whereas growth 
rates on formulated feeds increased, coinciding with a decrease in seawater temperature. The 
formulated feed produced high growth rates (over 75 µm d-1) once juveniles reached 7 mm in 
shell length. In the second experiment, the algal diet that included germlings of the green alga 
Ulva sp. produced the highest growth rates (105 µm d-1), indicating that Ulva sp. germlings 
are a suitable additional food source for juvenile greenlip abalone. Higher stocking density (80 
juveniles per plate) on one of the algal diets showed reduced growth rates and overall lower 
average weight gain per individual. In both experiments the survival was higher on the algal 
diets (82 to 84%) than on the formulated feed (62 to 65%). Growth rates were particularly high 
on the Ulva sp. germlings diet towards the end of the experiment when seawater temperatures 
were above 19°C. In parts of Australia, where average summer seawater temperatures exceed 
19°C, we recommend supplementing juveniles diets with seaweed germlings so that weaning 
onto formulated diets can be delayed until autumn when seawater temperatures have dropped 
below 19°C.
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B.4  Red algae fragments (Laurencia sp.) as an alternative feed for juvenile greenlip 
abalone 
Three methods (spore production, vegetative reproduction using fragments and protoplast 
isolation) were investigated for their potential to produce a red seaweed diet suitable for 
juvenile abalone on a commercial scale. Vegetative reproduction using small fragments 
(<1 mm) is the only method that could successfully produce red algal diets for juvenile abalone 
on a commercial scale in the later nursery phase. A feeding trial utilising Laurencia sp. fragments 
which had been adhered to the plates using agar, was able to produce juvenile abalone growth 
rates comparable to those obtained with the Ulvella lens/Navicula cf. jeffreyi diet. However 
this diet needs to be developed further to become economically viable for commercial abalone 
farms due to high labour costs because the diet needs to be reapplied onto plates on a regular 
basis at this stage. If fragments grew on plates like in other free tumble culture (see below) this 
diet would become a viable alternative. 
B.5  Fragment culture of Gracilaria chilensis a potential red algal species for 
commercial abalone farms
Five isolates of Gracilaria chilensis using fragments of  -5 mm were cultured in a seaweed culture 
medium. Long-term growth rates were averaging 4.8 ± 0.67%day-1.  Larger scale cultures (15 
L carboys and 00 L outdoor tanks) grew at a similar rate. Red seaweed fragments can be fed in 
modified weaner tank systems. We recommend using this diet as supplementary feed in juvenile 
abalone culture. In addition, better results in offspring performance have been achieved when 
broodstock were fed a red seaweed diet (see above). Hence we recommend including seaweed 
cultures on abalone farms as supplement feeds in both stages of production. Seaweed culture is 
possible with minimal additional infrastructure cost on commercial abalone farms, if used for 
targeted and specific purposes, like feeding juvenile and broodstock abalone.
KEYWORDS: Abalone, aquaculture, broodstock, egg quality, hatchery production, nursery 
production, algal culture, growth, Haliotis rubra, Haliotis laevigata.
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General Introduction
Background
Australian abalone fisheries produce a high value, export orientated product and provide 60% 
of the world market. With wild abalone fisheries declining in other countries worldwide, the 
interest in aquaculture products has increased substantially. The world production of abalone 
from aquaculture in 1999 was approximately 7,775 tonnes with only 89 tonnes (ca. 1%) being 
produced in Australia (Fleming 2000). Future production from the numerous farms and sites 
established, under construction or approved in Australia, could be substantial if the technology 
is improved. Two of the less predictable phases of production are the supply of high quality 
eggs and nursery culture to a size where weaning is efficient.
Successful conditioning and spawning of farm-grown abalone broodstock are crucial for 
selective breeding program in Australia (FRDC 2000/201). However, large variability in 
spawning success, hatchability of the eggs and survival of the larvae and juveniles has been 
observed between batches and hatcheries. It has been reported that farm-grown female abalone, 
that were fed with commercial formulated feed, spawn less readily and produce eggs of poorer 
quality than animals collected from the wild. Formulated diets used successfully for growout 
are not always an adequate diet to maintain captive broodstock that yields viable, high quality 
eggs and larvae. During a long-term broodstock conditioning trial conducted at Great Southern 
Marine Hatcheries in Albany with greenlip abalone (Haliotis laevigata), it became apparent 
that eggs, spawned from conditioned broodstock, which had been feeding on formulated diets 
for several years, declined in quality after the first successful year of spawnings (Freeman et 
al. in prep). In some competitor countries, such as South Africa, where female abalone are 
conditioned successfully, animals are fed on a mixed seaweed diet. Our preliminary results 
indicate that eggs spawned from wild caught females, differ from conditioned females, fed 
formulated diets for several years, in their fatty acid composition. Eggs derived from wild 
caught broodstock feeding on mainly red seaweeds showed about twice as much arachidonic 
acid compared to eggs from conditioned broodstock, which are feeding on formulated feed low 
in arachidonic acid. Arachidonic acid is a major precursor of postaglandins, which influence 
reproduction in molluscs (Osada et al. 1989). Whether arachidonic acid is essential to abalone 
reproduction needs to be examined. In addition the long-term effect of enriched conditioning 
diets, compared to commercially available conditioning diets and to seaweeds, needs to be 
evaluated.
Historically, Australian abalone farmers have taken advantage of the naturally occurring 
diatoms present in the incoming seawater to induce settlement of larvae and to feed the resulting 
juveniles. These diatoms form a film on sheets of clear plastic (called nursery plates) that then 
attract abalone larvae to settle. This process is very unpredictable and larval settlement rates can 
be very low (1 - 10% of larvae). As a result of the previous FRDC project (98/06), larvae are 
now settled on plates colonised with a green alga Ulvella lens and naturally developing diatom 
species at most abalone farms in Australia. U. lens has been shown to be a suitable and more 
reliable settlement substrate for abalone larvae (Daume et al. 2000). Once settled, animals graze 
on the diatoms and later U. lens until they reach about 5mm in shell length, when biomass per 
plate becomes high and food becomes inadequate. At this stage new plates covered with U. lens 
and diatoms are introduced and animals migrate onto the new plates. Alternatively, animals are 
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maintained at low stocking density throughout the nursery phase. Once juveniles reach about 
12-15 mm, they are transferred to the growout system where formulated feed is provided. 
The chief disadvantage of the above strategies is that the animals’ nutritional and health status 
is compromised after they reach about 5 mm in shell length, as the volume or composition of 
the food supply is inadequate. Consequently, the performance of juveniles in the nursery system 
is unreliable, with variable and unpredictable growth rates and broad size ranges at the time of 
removal. In addition, high mortality is observed when animals are first weaned onto formulated 
food. The weaning mortality may primarily be caused by the lack of food during the later stages 
of the nursery phase. The only solutions available to farmers are to either wean animals early 
off plates and on to formulated feed, which is currently associated with high mortality, or to 
maintain low stocking densities throughout the nursery phase, which results in suboptimal use 
of nursery infrastructure. In addition, variation in growth-rates, due to inadequate food supply, 
makes it difficult to mass select for faster growing genetic strains for the national selective 
breeding project (FRDC 2000/201).
We propose the following studies to overcome the problems experienced by industry:
A) Improving spawning success and offspring performance of farm-grown abalone.
B) Evaluation of alternative feeds and nursery systems during the latter phase of abalone nursery 
production.
Combining these two studies will allow the following of biological performance of batches for 
the whole hatchery and nursery period. During this project we have undertaken cost/benefit 
analyses of the alternative nursery systems for animals between 5 and 15 mm to create a 
decision-making tool for farmers. This will allow farmers to choose the nursery methods, which 
will give them the best economic return for their situation.
Need
Farmers need to successfully spawn farm-grown abalone for the continuation of the national 
breeding project (FRDC 2000/201). In addition, farmers need to be able to spawn off-season to 
allow for multiple batches, to utilise the nursery infrastructure all year around. Hence broodstock 
needs to be conditioned on site. The long-term effects on abalone spawning success and offspring 
performance, from formulated diet fed broodstock, need to be assessed and compared to those 
of animals, which have been feeding on seaweeds (from the wild and conditioned on seaweeds). 
Animals have been regularly conditioned on seaweeds in other countries like South Africa. 
Whether a formulated diet enriched with arachidonic acid will improve spawning success and 
offspring performance and hence whether high levels of arachidonic acid is essential to abalone 
reproduction, need to be examined.
Farmers need to reduce size variation and weaning mortality efficiently and hence need a 
cost/benefit assessment of alternative nursery management strategies for animals between 5 
and 15 mm. Ideally, they would like to maintain a high stocking density per unit area while 
maintaining optimal feed availability. However, they would like to know whether it would be 
just as economic (in terms of improved growth rate and survival) to invest in more nursery 
infrastructure and maintain a low stocking density. In other words, whether increased growth 
rates can be achieved by better food availability or lower stocking density, both of which incur 
greater costs. The improvements over the rest of the growing cycle justify a certain amount of 
increased cost. The question is how much? 
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The alternative systems that farmers want to compare are a low stocking density approach 
where no additional food needs to be provided when animals reach 5 mm in shell length, with 
a high stocking density approach where additional food is provided at that stage. The specific 
alternative feeding strategies that needs to be compared are: 1) the early removal of animals 
off plates (at about 5 mm) into an intermediate tank system that allows animals to feed on 
formulated feed versus 2) maintaining animals on plates and introducing another algal food 
source at the time animal numbers are split between the old and new plates (at about 5 mm), 
thus allowing animals to remain in the nursery system until 15+ mm versus ) current industry 
practice where animals are fed Ulvella lens and natural diatoms throughout the nursery phase, 
with new diatom and U. lens-covered plates introduced at 5 mm. The two components are 
related as egg quality influences larval survival and nursery performance after the non-feeding 
larval phase.
Objectives
A) Improving spawning success and egg and larval quality of farm-grown greenlip 
abalone.
1. To conduct a workshop to identify the experimental strategy most likely to lead to an 
improvement in current broodstock diets.
2. To determine the differences in spawning success and offspring performance (hatchability, 
larval survival and settlement) for female abalone conditioned on formulated diets compared 
to abalone from the wild.
. To correlate the biochemical composition of eggs with spawning success, larval survival and 
settlement.
4. To identify individual nutritional components (focusing primarily on fatty acids) that may 
influence spawning success and offspring performance and test these in newly formulated 
broodstock diets.
B) Evaluation of alternative feeds and nursery systems during the latter phase of greenlip 
abalone nursery production.
5. To identify suitable algal species (germlings of macroalgae or chain forming, attached 
diatoms) that promotes growth of juveniles between 5-15 mm in shell length.
6. To identify mass culture techniques for the above algae that are commercially practical and 
easily adopted by industry.
7. To compare alternative nursery management strategies concurrently by conducting 
an experiment at a commercial facility. To determine the subsequent growth rate, size 
variability and survival of 5 mm animals a) transferred into intermediate weaner tanks 
and fed a formulated feed versus b) maintained in nursery system and fed natural diatoms 
supplemented with an alga versus c) maintained in nursery system and fed natural diatoms/
Ulvella lens all at high animal stocking density compared to d) maintained in nursery system 
at a low stocking density on natural diatoms/Ulvella lens
8. To compare newly isolated algal species for their ability to provide sufficient food biomass 
for 5-15 mm animals.
9. To undertake a cost/benefit analysis of the alternative nursery management strategies.
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Section 1 – Improving spawning success and egg 
and larval quality of farm-grown greenlip abalone
General introduction
One of the crucial factors controlling the development of the Australian abalone aquaculture 
industry is the successful conditioning of broodstock as the supply of suitable wild broodstock 
has at times been limiting. In addition successful conditioning of broodstock is necessary for 
selective breeding programs to develop this growing industry. 
Previously wild abalone broodstock, which feed on a range of macroalgae, have been the main 
source of gametes for commercial abalone hatcheries. Selection of broodstock is mainly based 
on gonad size and appearance (Litaay and De Silva 2001), with abalone judged to be ready 
for induced spawning and to have mature eggs based on the amount of swelling of the gonad. 
However, animal selection based on these criteria shows variable results.
Gonad maturation and larval settlement success of abalone are known to vary seasonally 
(Webber 1970, Slattery 1992). However, large variability in spawning events, hatchability and 
larval and juvenile survival rates has been observed during the same season between batches and 
hatcheries in Australia. More recently there has been greater commercial and research interest 
in conditioning captive and farmed broodstock using macroalgae or formulated feeds (Grubert 
and Ritar, 200, Daume and Ryan 2004a, Freeman et al. 2006).
Gonad conditioning provides flexibility in production cycles and more economical use of 
hatchery resources (Lleonart 1992) as well as allowing genetic improvement programs. 
This chapter includes four manuscripts (2 already published and 2 in preparation) representing 
4 separate studies within the project. The first study explores the difference in fatty acid 
composition of abalone eggs derived from condition stock with eggs spawned from broodstock 
caught from the wild and relates to objective 2. The second study looks at the effect of enriched 
formulated diets on the feed intake, spawning success and offspring performance and focuses 
on issues related to objective 3. The third study examines the influence of conditioning diets and 
spawning frequency on variation in egg diameter for greenlip abalone and the fourth study tries 
to identify individual fatty acids that may influence spawning success and offspring performance 
which addresses objective 4.
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1.0  Fatty acid composition of eggs derived from 
conditioned and wild caught greenlip abalone 
broodstock (Haliotis laevigata)
Sabine Daume1 and Stephen Ryan1, 2 
1 Department of Fisheries, Research Division, PO Box 20, North Beach, WA 6920, Australia  
2 Great Southern Marine Hatcheries, PO Box L34, Little Grove, Albany WA 6330, Australia
1.1  Introduction
Formulated diets designed to maximise growth rates are not necessarily adequate to maintain 
viable, high quality eggs and larvae from captive broodstock. There is growing evidence that 
specific dietary lipids play an important role in gonadogenesis of abalone (Uki & Watanabe 
1992, Nelson et al. 2002). Recently, Nelson et al. (2002) showed that variations of the C20 
PUFA in the digestive gland and foot tissue of Haliotis fulgens over the year coincided with 
variation in their macroalgal diets. This study indicated that abalone tissues directly reflect their 
diets. Furthermore, the authors suggested that arachidonic acid (ARA) is an essential fatty acid 
for the abalone H. fulgens. They concluded that essential fatty acids are derived from the algal 
diet and are most likely important in cyclical gonad development. 
Studies of changes in biochemical composition such as fatty acids in mollusc eggs are scarce. 
Soudant et al. (1996) established that the polyunsaturated fatty acid composition of great scallop 
(Pecten maximus) gonad was related to the fatty acid composition of the diet. Gallager & Mann 
(1986) reported a significant correlation between the initial egg lipid content and survival of 
the bivalve Crassostrea virginica larvae. In addition, the growth of Ostrea edulis was affected 
by the amount of lipid present in larval and spat tissue (Laing & Millican 1986). Changes 
in biochemical composition during larval development were reported for scallops (Whyte et 
al. 1990, Farias et al. 1998), oysters (Ferreiro et al. 1990) and abalone (Litaay et al. 2001). 
Lipids in abalone eggs are known to partially fuel the metamorphosis of the larvae (Jaeckle & 
Manahan 1989). Variations in lipid content and fatty acid profile have been shown, by Nelson 
et al. (2002), to be related to seasonal temperature fluctuations and variations of the diet may 
ultimately affect the success of the progenies.
In this study we determined the fatty acid profiles of eggs spawned from conditioned broodstock 
(feeding on formulated feed) and wild caught broodstock of Haliotis laevigata. In addition, 
three conditioning diets were tested with one group of female broodstock continually fed the 
commercially used broodstock conditioning diet until spawning, the second group fed the 
green alga Ulva australis and the third group fed a red seaweed diet (Gracilaria flagelliformis, 
Champia parvula) for the last  months before spawning, to examine if a dietary change affects 
the fatty acid composition of the eggs. The aim was to determine how the lipid quality of the 
broodstock diet affects the fatty acid composition of H. laevigata eggs and to evaluate the 
biological consequences such as larval hatch rate, larval survival and settlement performance. 
This information will contribute to the knowledge on abalone broodstock quality as well as 
larval nutrition. 
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1.2  Methods
Broodstock collection and maintenance 
All broodstock was collected from the Southern Ocean in Western Australia, from waters between 
Augusta (115° 16' E; 4° 2' S) and Hopetown (120° 1' E; ° 95' S). The term "conditioning" 
describes the process to induce gonad development, to the state of spawnability, in adult abalone 
outside of the normal spawning season. The conditioned broodstock were held indoors at a 
commercial abalone farm (Great Southern Marine Hatcheries, Albany, Western Australia - 
GSMH) for a period of 18-20 months prior to this study. These animals were maintained in 
round plastic tubs (ca. 30 L volume) fitted with a central standpipe and airstones. The seawater 
was provided at a flow rate of 1-1.5 L min-1 at constant water temperature of 17.0°C ± 0.2°C 
(± S.E.). Animals were fed daily in excess with a formulated conditioning diet (Adam & Amos 
Foods Pty Ltd, South Australia). Conditioned broodstock were on average 17 ± 7.2 mm (± S.E.) 
in shell length and had a total weight of 461 ± 67.4 g (± S.E.). The wild caught broodstock were 
larger and averaged 169 ± 2.9 mm (± S.E.) and 745 ± 45.9 g (± S.E.). 
Fatty acid composition of broodstock diets and feed intake
Samples of all abalone diets (seaweeds and formulated feed) were taken during the study and the 
fatty acid composition determined. Feed intake of the conditioned broodstock was determined 
daily over a two month period.
Egg sample collection and preparation
Broodstock was induced to spawn with ultraviolet-irradiated water. Egg samples were collected 
from a routine operation at GSMH over two spawning seasons (1st season: November 2001-
January 2002, 2nd season: October 2002-December 2002). Seven batches of conditioned and 
twelve batches of wild caught broodstock were compared. Two additional batches derived from 
selected conditioned female broodstock, previously fed on the formulated feed, were fed on a 
mix of red seaweed (Champia parvula, Gracilaria flagelliformis) or Ulva australis for  months 
prior to spawning. Approximately 6 g wet weight of eggs (ca. 400,000 eggs) was collected 
per batch. Samples were filtered onto pre-weighed glass fibre filters (Whatman GF/C, 4.7 cm 
diameter) and washed x with 0.5 M ammonium formate to remove residual salts. Samples 
were labelled, frozen in liquid nitrogen, stored at -70º C and freeze-dried (Edwards Modulyo 
Model E2M-18). 
Egg diameter and offspring performance
The diameter (egg cytoplasm and vitelline layer) of 0 unfertilised eggs was measured under an 
inverted microscope at x 400 magnification and averaged for each batch. Eggs were collected 
within 0 minutes after spawning started and measured immediately ca. 10-15 minutes after 
collection without using any fixative.  
Fertilisation and hatch rates, larval survival and estimates of settlement as well as survival at 2 
weeks post-settlement were recorded for 7 of these batches. 
 1. Fertilisation:  
Eggs of each batch (1 female abalone) were fertilised with 5-10 sperm per egg for 15 minutes. 
Eggs were washed in filtered seawater for 15 minutes after fertilisation to remove excess sperm 
and to avoid polyspermy. The fertilisation rate of each batch was determined by counting the 
eggs that were dividing after 1 hour (indicating that eggs have been successfully fertilised) in 
three 1ml samples and expressing these as a percentage of total number of eggs in the batch.
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 2. Hatch rate  
Eggs of each batch were placed into separate hatch tubs and formed a monolayer on the bottom 
of the tub. All tubs were set up with low water flow and low aeration. The water was turned off 
ca. 2 hours before hatch out started. The hatch rate (expressed as percentage) was determined 
by counting the number of unhatched eggs in three 1ml samples, calculating the total of 
unhatched eggs and subtracting these from the total number of successfully fertilised eggs.
 3. Larval survival:  
Larvae were reared in 300 L conical fibreglass tanks at a stocking density of up to 20 
larvae per ml. All tanks were set up with low aeration and water flow after the larval shell 
was completely formed. The survival at the end of the larval rearing period (ca. 6 days at 
18°C) was determined by counting the number of larvae in three 1ml samples at the time of 
settlement multiplied by the total volume of the larval tank and dividing them by the total 
number of larvae successfully hatched.
 4. Settlement:  
Larvae were settled on commercially used PVC settlement plates (40 x 60 cm) covered 
by Ulvella lens, which was cultured on the plates for 2- weeks prior to larval settlement. 
Larvae were released into each of three semi-commercial fibreglass tanks at a standard 
density of 100,000 (0.2 larvae mL-1). Settlement tanks were ca. 90 L and set up with  
baskets holding 20 settlement plates each. Settlement rate of each batch was determined 48 h 
after larval release. The term “settlement” describes the permanent attachment of the larvae 
to the substrate after shedding of the velum to complete metamorphosis. Post-larvae were 
counted again after 2 weeks to determine their survival.
Fatty acid analyses
Samples (abalone eggs and diets) were analysed at the State Chemistry Laboratory, Werribee, 
Victoria, Australia. Lipid was extracted from the samples using a modified Bligh Dyer method 
(Bligh & Dyer 1959). The fatty acid profiles were determined by gas chromatography (Varian 
Model 400) with a BPX-70 column (SGE Australia) on the methyl esters of the extract from 
each sample.
Data analyses
Statistical analyses were carried out using the STATISTICA 6.1 (Stat Soft, Inc. 2002) computer 
package. The assumptions of normality and homogeneity of variance were confirmed graphically 
for each data set using box plots. Egg diameter, moisture and lipid content of eggs, spawned 
from conditioned and wild caught broodstock during both spawning seasons were compared 
with a two factor ANOVA with spawning season and conditioned or wild broodstock as fixed 
factors. Egg sizes and moisture content of unfertilised and fertilised eggs were compared with 
a t-test. T-tests were also used to compare individual PUFA and PUFA ratios between eggs 
from wild and conditioned broodstock. Relationships between the broodstock shell length and 
weight and egg diameter and batch size as well as egg characteristics and the performance of 
the larvae were explored using simple regression analyses.
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1.3  Results
Fatty acid composition of broodstock diets and feed intake
Fatty acid composition of abalone diets (seaweeds and formulated feed) is given in Table 1.1. The 
formulated feed is lower in saturated fatty acids (SFA) than all algal samples.  The formulated 
feed is higher in monounsaturated fatty acids (MFA) than the red algae Champia parvula 
and Gracilaria flagelliformis and similar to the green alga Ulva australis. The total amounts 
of polyunsaturated fatty acids (PUFA) are highest in the red alga Gracilaria flagelliformis, 
followed by the formulated feed and the other algal diets. The relative amounts of PUFA`s 
varied significantly. Formulated feed is high in linoleic acid (18:2n-6) and low in arachidonic 
acid (20:4n-6), whereas both red and green seaweed is low in linoleic acid. The red seaweeds, 
especially Gracilaria flagelliformis, are high in arachidonic acid.
Feed intake of the conditioned broodstock, feeding on a dry formulated feed, was estimated to 
be 0.10 ± 0.0% body weight per day. Broodstock feeding on Ulva sp. or a mix of red seaweed 
(Champia parvula, Gracilaria flagelliformis) were consuming ca. 1.05 ± 0.08% (± S.E.) or 0.96 
± 0.08% (± S.E.) of their body weight per day respectively. 
Egg diameter and proximate analyses of eggs
The egg diameter, number of eggs per batch, weight (µg ind-1) and proximate composition of 
abalone eggs derived from conditioned and wild broodstock are displayed in Table 1.2. There 
were no significant differences in average diameter of the eggs from conditioned broodstock 
(199.6 ± 2.5 µm) and the batches of wild caught broodstock (199.2 ± .1 µm), the percentage 
moisture of the eggs (90.1 ± 0.7%, 88.6 ± 0.8% respectively), or the total lipid of the eggs 
(21.2 ± 17.8 mg g-1, 212.8 ± 20.2 mg g-1 respectively) (Table 1.A). There was, however a 
significant difference between the two spawning seasons in egg diameter and total lipid, but 
not the moisture of abalone eggs (Table 1.A). Eggs were larger during the second season 
compared to the first spawning season (204.0 ± 2. µm, 19.5 ± 2.4 µm respectively, Table 
1.2), but had less total lipid (178.9 ± 12.4 mg g-1, 276.8 ± 10.4 mg g-1 respectively). However, 
batches were larger during the first spawning season, particularly from conditioned broodstock. 
There was a significant correlation between broodstock shell length and weight and batch size 
across the two spawning season (Table 1.4) indicating that larger broodstock are more fecund. 
A significant relationship between broodstock shell length or weight and egg diameter was not 
detected.
Conditioned eggs were significantly heavier with more moisture than eggs derived from wild 
caught broodstock but had similar amounts of lipid (Table 1.B, Table 1.2). Eggs derived from 
conditioned and wild broodstock, collected during the second spawning season, were heavier 
(dry weight) with no significant difference in moisture or lipid (Table 1.3B, Table 1.2). The 
percentage moisture and percentage lipid per egg (% of individual egg weight) were significantly 
higher during the first spawning season (Table 1.3C) with lower % lipid per egg in eggs from 
wild broodstock spawned during the second season (Table 1.2). Fertilised eggs were 5-10 µm 
larger than unfertilised eggs (t = 2.24, p = 0.049) and usually contained more moisture (Table 
1.5, t = 2.49, p =  0.0). 
Fatty acid analyses
Relative amounts (%) of fatty acids in eggs derived from conditioned and wild caught 
broodstock are presented in Table 1.6A and 1.6B respectively. Saturated fatty acids (SFA) 
comprised on average 2% of total fatty acids in conditioned and 4% in eggs of wild 
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broodstock, monounsaturates (MFA) made up 47% of conditioned eggs and 45% of eggs 
from wild broodstock whereas polyunsaturated fatty acids were present only at 12% (5% and 
7% for short and long chain PUFA) and 9% (1% and 7% for short and long chain PUFA) in 
conditioned and wild broodstock eggs respectively (Table 1.6A, 1.6B). The ratio of n-/ n-6 
PUFA of 1.5 was significantly lower in eggs of conditioned broodstock than the 2.1 ratio in eggs 
of wild caught broodstock (t = -2.6, p = 0.02). Similarly, the ratio of arachidonic acid (ARA) 
to eicosapentaenoic acid (EPA) was significantly lower in eggs of conditioned broodstock than 
from wild broodstock (0.4 and 0.8 respectively; t = -4.68, p <0.001).
Palmitic acid (16:0) was the dominant saturated fatty acid and oleic acid (18:1) the dominant 
monounsaturated fatty acid in eggs of both wild caught and conditioned broodstock. The 
dominant PUFA was EPA (20:5n-) for both conditioned and wild broodstock derived eggs. ARA 
(20:4n-6) was present in significantly higher proportion in eggs of wild caught broodstock 
(t = -6.24, p < 0.001), linoleic acid (LOA, 18:2n-6), linolenic acid (LNA, 18:n-) and 
decosahexaenoic acids (DHA, 22:6n-3) were significantly more abundant in eggs of conditioned 
broodstock (t = 5.99, p <0.001; t = .11, p = 0.006, t = 2.58, p = 0.02 respectively). The relative 
amount of ARA was more than twice as high in wild broodstock, whereas the eggs of conditioned 
broodstock showed 10 times more of the LOA. Batch 7 was derived from broodstock that had 
been feeding on formulated feed for a period of .5 months only and showed intermediate levels 
of both ARA and LOA. Two samples (Batch 15 and 18) were derived from conditioned female 
broodstock that had been transferred from a formulated diet onto red or green seaweed  months 
prior to spawning (Table 1.6A). Eggs from broodstock that had been feeding on Ulva sp. showed 
intermediate levels of LOA and similar levels of ARA when compared to the eggs derived from 
conditioned broodstock. Eggs from red seaweed-fed broodstock showed intermediate levels of 
LOA and levels of ARA similar to eggs derived from wild caught broodstock.
Offspring performance
The results of larval and post-larval performance of seven selected batches are shown in Table 
1.7. The hatch rate was usually higher during the first spawning season, the best larval survival 
and overall survival was obtained from offspring derived from one female broodstock that was 
conditioned on formulated feed but was fed red seaweed for  months prior to spawning during 
the second spawning season (Batch 15).
Correlation analyses were undertaken for all combinations of egg characteristics and the 
performance of the larvae (Table 1.8). There were strong and significant negative correlations 
between egg diameter and total lipid content (r = -0.89) and between egg diameter and hatch rate 
(r = -0.9) and a positive correlation between total lipid content of the eggs and hatch rate. There 
was a strong negative correlation between the percentage moisture of the eggs and the performance 
at settlement (r = -0.95). There was also a positive correlation between the survival of the larvae 
during larval rearing and the survival of the post-larvae 2 weeks after settlement (r = 0.99).
1.4  Discussion
This study showed high variability in diameter, weight and biochemical composition of abalone 
eggs between spawning seasons. In addition, the total number of eggs per batch declined during 
the second spawning season particularly in batches spawned from conditioned broodstock. 
However, broodstock spawned during the second season were slightly smaller. Overall animals 
were spawned on average 1 month earlier during the second spawning season compared to 
the animals spawned during the first spawning season. Both could have contributed to the 
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smaller batch sizes during the second season and the observed differences in moisture and lipid 
between the two spawning seasons. Other studies have established that both temperature and 
conditioning intervals influence egg production of greenlip and blacklip abalone (Plant, 2002, 
Grubert and Ritar, 2005). Shepherd et al. (1992) demonstrated a relationship between broodstock 
size and fecundity of six wild populations of Haliotis laevigata. In this study we found a positive 
correlation between broodstock size and weight and the batch size of spawned eggs. 
Compared to the proximate composition of Haliotis rubra eggs from the wild (Litaay et al. 
2001), Haliotis laevigata eggs in this study were about 2- times heavier containing 10-15% 
more moisture and ca. 10% more lipid per egg during the first spawning season but similar 
amounts during the second spawning season. The difference in moisture between eggs of these 
studies might be partially explained by differences in time elapsed between spawning and 
measuring of the eggs e.g. eggs might have been more hydrated. Special care was taken that 
samples were measured approximately at the same time and no fixative was used. However, 
differences in total lipid cannot have been influenced by different sampling techniques. 
Total lipid expressed in mg g-1 was not given in the study by Litaay et al. (2001). Total lipid 
(mg g-1) of digestive gland tissue of the abalone Haliotis fulgens (Nelson et al. 2002) was, 
however, much lower than total lipid in eggs of the abalone H. laevigata determined in this 
study. Nelson et al. (2002) determined the lipid content of gonad tissue over a one-year period 
and showed variations between 18 and 101 mg g-1. In this study we collected eggs during two 
concurrent natural spawning seasons of H. laevigata and noticed significant differences between 
the two spawning seasons in both eggs derived from conditioned and wild broodstock with total 
lipid as low as 118 mg g-1 (1st spawning season) and as high as 50 mg g-1 (2nd spawning season). 
Egg samples were taken earlier in the season during the second spawning season, the sampling 
started in early October and finished in December with most of the samples collected during 
October-November 2002. Samples during the first spawning season were mainly taken during 
December 2001 and January 2002. It is conceivable that eggs were not quite as mature during 
the second spawning season and thus smaller than during the first spawning season. Further 
studies are needed to establish the relationship between egg size, biochemical composition and 
maturity of abalone eggs.
Nelson et al. (2002) demonstrated that C20 PUFA in the digestive gland can vary between 
seasons and that variations over the year coincided with variation in their macroalgal diet. 
Similarly, Dunstan et al. (1996) found elevated levels of short chain linoleic acid (LOA) and 
reduced levels of arachidonic acid (ARA, 20:4n-6) in juvenile abalone feeding on formulated 
feeds, despite the fact that the formulated feed contained high proportions of the ARA precursor 
LOA (18:2n-6). Australian species of abalone have a preference for red seaweed such as 
Gracilaria spp. (Shepherd & Steinberg 1992), which are rich in the polyunsaturated fatty acids 
(PUFA) ARA and EPA (Mai et al. 1996, Dunstan et al. 2000, Table 1). A formulated feed used 
in Australia, however, is low in ARA (Dunstan et al. 1996, Table 1). Results of the present study 
indicate that the PUFA composition of the broodstock diets influenced the PUFA profile in 
abalone eggs. Eggs derived from wild caught broodstock were higher in ARA, the formulated 
feed used is high in LOA (Table 1.1) and eggs from broodstock feeding on this formulated 
feed showed a much higher level of this PUFA. In accordance with our findings, Soudant et al. 
(1996) showed that the PUFA composition of the diets influenced the PUFA profiles in eggs of 
the great scallop. Results of our study also indicate that  months of feeding on an altered diet 
is sufficient to alter the fatty acid profile of the eggs. Notably the progeny from one particular 
batch of formulated diet fed conditioned broodstock that was transferred onto a red seaweed 
diet showed the best performance.
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Arachidonic acid is essential for marine fish (Sargent et al. 1999) and until very recently the 
importance of this fatty acid had been largely overlooked (Bell and Sargent 200). Whether 
ARA is essential to abalone needs to be examined (Dunstan et al. 1996). However, Dunstan et 
al. (2002) demonstrated that most of the final tissue ARA originated from dietary linoleic acid 
(LOA) and, because formulated feed contains large amounts of this fatty acid, they concluded 
that it is unlikely that ARA is limiting in abalone. Although high levels of ARA may not be 
required for muscle growth, it may be required for ovogenesis and embryogenesis. ARA is 
a major precursor of prostaglandins, which influence reproduction in molluscs (Osada et 
al. 1989). There is growing evidence that ARA is important in reproduction of marine fish 
(Bell & Sargent 2003) and Soudant et al. (1996) demonstrated that DHA, EPA and ARA were 
preferentially incorporated into the polar lipid fraction of scallop eggs. They suggested that 
the higher levels of ARA in eggs than in larvae of the scallop indicated its specific role during 
ovogenesis. Recently, Nelson et al. (2002) showed that ARA was markedly lower in the digestive 
gland than in the foot tissue of the abalone Haliotis fulgens and concluded that this fatty acid 
may have been converted to prostaglandins, which indicates its function in gametogenesis. In 
accordance with our findings, Dunstan et al. (1996) reported that ARA was present at 0.4% in 
formulated diets and at 1.1% in the macroalga Ulva australis. These results together with our 
findings indicate that ARA was preferentially incorporated into the eggs of broodstock feeding 
on formulated feed and Ulva sp. In our study, the levels of ARA were higher in eggs than in the 
respective diets of the broodstock, except of the Gracilaria diet. In addition, several authors 
have indicated that beyond this, certain fatty acids play a vital role in determining the success of 
metamorphosis in bivalves (Helm et al. 197, Kraeuter et al. 1982, Wilson et al. 1986). Abalone 
have lecithotrophic larvae, which cannot digest particles but are able to take up nutrients from 
seawater (Jaeckle & Manahan 1989). Consequently the lipid of the eggs must fuel major parts 
of the energetics of larval metamorphosis. Jensen et al. (1990) showed that the metamorphosis 
of H. rufescens larvae was influenced by free fatty acids, especially ARA. A very low relative 
amount of PUFA`s compared to SFA and MUFA was found in the abalone eggs. On average, 
PUFA`s contributed only 10% of the total fatty acid pool. In contrast, Soudant et al. (1996) 
demonstrated that up to 50% of the fatty acids were PUFA`s in scallop eggs. PUFA`s in abalone 
diets (algal diets and formulated feed) on the other hand, contribute about 5-56% but this was 
not reflected in the eggs. Nelson et al. (2002) showed high variability in relative amounts of 
PUFA`s in digestive gland tissue of H. fulgens between seasons and diets, ranging between 
7% and 42%.  In this study, however, the relative proportions of saturated, monounsaturated 
and polyunsaturated fatty acids in eggs of the abalone H. laevigata were very consistent in 
all samples regardless of the broodstock diet, probably because of the metabolic necessity to 
maintain equilibrium between these fatty acid groups. It is conceivable that SFA and MUFA are 
stored in abalone eggs and used as an energy source for the developing larvae.
Correlation analyses indicated that smaller eggs had a higher lipid content and that larvae 
from these batches hatched better and larvae hatching from eggs with lower moisture content 
performed better at settlement.
The results of this study demonstrate high variability in proximate biochemical composition 
and fatty acid profiles of abalone eggs between batches derived from conditioned and wild 
broodstock as well as between two consecutive spawning seasons. Our preliminary results 
provide initial evidence that biochemical composition of abalone eggs are influenced by the 
broodstock diets and these in turn may affect the performance of the progenies. The results 
related to offspring performance have to be treated carefully because only seven batches 
were compared during the two spawning seasons. Further work is planned to provide more 
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information on egg provisioning and offspring performance in relation to the composition of 
the broodstock diets, particularly in relation to fatty acid content. If abalone aquaculture is to 
become more advanced and sustainable, broodstock have to be successfully conditioned on 
farms to secure high quality eggs and larvae, as this will enable selective breeding programs for 
further development of the industry.  
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Table 1.1.  Fatty acid composition (%) of different abalone diets used in this study.
Name Green alga Red alga Red alga Formulated
Ulva australis Champia parvula Gracilaria 
flagelliformis
Feed
Saturated fatty acid 
(SFA)
C12:0 0.7 1.5 0.0 0.2
C14:0 1.4 7.6 2.9 2.0
C15:0 1.4 1.5 2.9 0.
C16:0 27.2 0. 22.9 16.
C17:0 0.7 0.0 0.0 0.
C18:0 4.1 1.5 2.9 .5
C20:0 0.0 0.0 0.0 0.
Total 35.4 42.4 31.4 22.8
Monounsaturated 
(MUFA)
C14:1 0.7 0.0 0.0 0.1
C16:1(n-9) .4 .0 0.0 2.8
C17.1 0.7 0.0 0.0 0.0
C18:1 (n-9) 6.8 9.1 5.7 1.2
C18:1 (total) 16. 10.6 5.7 15.8
Total 27.9 22.7 11.4 33.8
Polyunsaturated 
fatty acid (PUFA)
C18:2 (n-6) 4.1 0.0 0.0 25.0
C18: (n-) 5.4 0.0 0.0 .0
C18: (n-) 0.7 0.0 0.0 0.
C18:4 4.1 0.0 0.0 0.4
C20:2(n-9) 0.0 0.0 0.0 0.
C20:4 (n-6) 0.7 4.5 28.6 0.
C20:5 (n-) 1.4 .0 0.0 .4
C22:5 (n-) 1.4 0.0 0.0 0.9
C22:6 (n-) 1.4 0.0 0.0 4.7
Others 17.7 27. 28.6 5.1
Total 36.7 34.8 57.1 43.4
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Table 1.2.  Mean egg diameter (± S.E.), mean number of eggs per batch (± S.E.), mean weight (± 
S.E.) and mean proximate composition (± S.E.) of Haliotis laevigata eggs derived from 
conditioned and wild caught broodstock during two spawning seasons.
 Conditioned broodstock Wild broodstock
 1. Season (n=5) 2. Season (n=4)
1. Season 
(n=5)
2. Season 
(n=7)
Diameter  
(µm) 198 ± 2.0 202 ± 5.4 189 ± . 206 ± 2.1
No. of eggs per batch 
(x 106) 4.4 ± 1.1 2.1 ± 1.5 5.2 ± 0.5 4.8 ± 1.6
Weight  
(µg ind-1 wet weight) 16.5 ± 2.4 1.4 ± 1.6 8.6 ± 1.0 11.4 ± 1.1
Weight   
(µg ind-1 dry weight) 1.4 ± 0.1 1.6 ± 0.2 0.9 ± 0.1 1.4 ± 0.1
Moisture  
(µg ind-1 wet weight) 15.1 ± 2.4 11.8 ± 1.4 7.7 ± 0.9 10.0 ± 1.1
Moisture  
(% wet weight) 91.1 ± 1.2 88.0 ± 0. 89.6 ± 0.7 87.5 ± 1.
Lipid  
(% dry weight) 26.6 ± 0.5 18.6 ± 2.9 28.8 ± 2.1 17.1 ± 1.
Total Lipid  
(mg g1 dry weight) 266.0 ± 5.1 168.8 ± 26.8 287.5 ± 22.9 170.0 ± 15.9
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Table 1.3.  Two factor ANOVA`s, with spawning season and conditioned vs wild broodstock as fixed 
factors. A. using data set relating to whole sample and sample weights (mg g-1). B, C. 
using data set expressed for individual egg weight (µg ind-1). Significant effects (< 0.05) 
are in italics.
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Table 1.4.  Correlation between broodstock shell length and weight and egg diameter and  
batch size.
 
Broodstock 
Length
Broodstock 
Weight
Egg diameter Number of 
eggs per batch
Broodstock Length 1.00 0.95 0.10 0.69
Broodstock Weight 0.95 1.00 0.1 0.76
Egg diameter 0.10 0.1 1.00 -0.02
Number of eggs 0.69 0.76 -0.02 1.00
Significant effects are shown in bold and italics (n=12).
Table 1.5.  Mean diameter (± S.E.; n=6) of unfertilised and fertilised eggs spawned from broodstock 
Haliotis laevigata. 
Eggs Diameter Moisture
(µm) (%)
Unfertilised 189.2 ± 2.7 88.9 ± 1.0
Fertilised 196.8 ± 2.1 92.2 ± 1.4
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Table 1.6A. Relative amounts (%) of individual fatty acids of eggs spawned from conditioned Haliotis 
laevigata broodstock. 
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Table 1.6B. Relative amounts (%) of individual fatty acids of eggs spawned from wild caught Haliotis 
laevigata broodstock. 
B
at
ch
 
2
3
4
5
6
11
12
13
14
16
19
20
M
ea
n
S.
E
.
Sa
tu
ra
te
d 
fa
tt
y 
ac
id
s
 
 
 
 
 
 
 
 
 
 
 
 
 
C
12
:0
0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.
0
C
14
:0
7.
4
6.
9
6.
8
7.

6.
4
7.
0
7.
1
6.
7
6.
6
7.
0
6.
1
5.
6
6.
7
0.
5
C
15
:0
0.
5
0.

0.

0.
4
0.
4
0.
4
0.

0.

0.
4
0.

0.

0.
4
0.
4
0.
0
C
16
:0
26
.2
26
.4
25
.8
28
.0
26
.6
2
.8
22
.9
22
.2
21
.4
21
.1
22
.7
2
.6
24
.2
2.

C
17
:0
0.
4
0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.
0
C
18
:0
1.
9
2.
1
2.
1
2.
2
2.
2
1.
5
1.
5
1.
5
1.

1.
2
1.
8
2.
1
1.
8
0.
4
T
ot
al
 
36
.6
36
.4
35
.7
38
.5
36
.2
33
.3
32
.5
31
.3
30
.2
30
.2
31
.5
32
.2
33
.7
2.
8
M
on
ou
ns
at
ur
at
ed
 f
at
ty
 a
ci
ds
C
14
:1
0.
7
0.
5
0.
6
0.
6
0.
5
0.
7
0.
7
0.
6
0.
7
0.
9
0.
5
0.
4
0.
6
0.
1
C
16
:1
(n
-9
)
8.
5
6.
8
7.
7
7.
1
7.
0
7.
6
7.
0
6.

7.
2
8.
0
5.
8
5.
2
7.
0
0.
9
C
16
:1
 (
to
ta
l)
9.
7
7.
9
8.
8
8.
2
7.
9
8.
8
8.
1
7.
2
8.
4
9.
2
6.
7
6.
0
8.
1
1.
0
C
18
:1
 (
n-
9)
15
.6
17
.7
18
.1
16
.7
18
.4
12
.8
12
.2
11
.2
12
.9
11
.1
14
.8
16
.4
14
.8
2.
7
C
18
:1
 (
n-
7)
n.
d.
n.
d.
n.
d.
n.
d.
n.
d.
15
.
16
.1
12
.8
16
.7
15
.4
15
.1
14
.7
15
.2
1.
2
C
18
:1
 (
to
ta
l)

.8
6
.4
7
.4
4
.5
6
.8
28
.4
28
.7
24
.
29
.8
26
.9
0
.1
1
.4
1
.5
4.
2
C
20
:1
(n
-9
)
1.
1
1.
4
1.

1.
1
1.
4
0.
8
0.
9
0.
8
0.
9
0.
7
1.

1.

1.
1
0.

C
20
:1
 (
to
ta
l)
4.
7
5.
4
4.
9
5.
1
5.

.
9
4.
1
.
5
.
8
.
5
4.
2
4.
6
4.
4
0.
7
T
ot
al
 
48
.9
50
.3
51
.7
48
.3
50
.6
41
.7
41
.6
35
.7
42
.8
40
.5
41
.5
42
.4
44
.7
5.
1
P
ol
yu
ns
at
ur
at
ed
 f
at
ty
 a
ci
ds
 
 
 
 
 
 
 
 
 
 
 
 
C
16
:2
 (
to
ta
l)
1.
2
1.

1.

1.

1.

1.
2
1.

1.
1
1.
2
1.
2
1.

1.
2
1.
2
0.
1
C
16
:4
n.
d.
n.
d.
n.
d.
n.
d.
n.
d.
0.
2
0.
2
0.
2
0.
1
0.
2
0.
1
0.
1
0.
2
0.
0
C
18
:2
 (
n-
6)
 L
O
A
0.
2
0.
2
0.

0.
2
0.

0.
2
0.
2
0.
2
0.
1
0.
2
0.
1
0.
1
0.
2
0.
0
C
18
:
 (
n-
6)
 
n.
d.
n.
d.
n.
d.
n.
d.
n.
d.
0.
1
0.
1
0.
1
0.
1
0.
1
0.
2
0.
1
0.
1
0.
0
C
18
:
 (
n-
)
 L
N
A
0.
2
0.
0
0.
1
0.
1
0.
1
0.
1
0.
1
0.
1
0.
1
0.
1
0.
1
0.
1
0.
1
0.
0
C
20
:2
(n
-9
)
n.
d.
n.
d.
n.
d.
n.
d.
n.
d.
0.
1
0.
1
0.
1
0.
1
0.
1
0.
2
0.
2
0.
1
0.
0
C
20
:2
 (
to
ta
l)
0.
2
0.
2
0.

0.

0.
2
0.
5
0.
6
0.
4
0.
6
0.
6
0.
5
0.
5
0.
4
0.
2
C
20
:4
 (
n-
6)
 A
R
A
1.
9
2.
0
1.
8
1.
9
1.
9
2.
0
2.

1.
9
2.
1
2.
0
1.
8
1.
7
1.
9
0.
2
C
20
:5
 (
n-
)
 E
PA
.
6
2.
8
2.
5
2.
7
2.
8
2.

2.
4
2.

2.
1
2.
4
2.
4
2.
4
2.
6
0.
4
C
22
:5
 (
n-
)
2.
7
2.
2
1.
5
2.
1
2.
0
2.
0
1.
8
1.
8
1.
6
1.
9
2.
0
1.
9
2.
0
0.

C
22
:6
 (
n-
)
 D
H
A
0.
0
0.
0
0.
1
0.
0
0.
0
0.
0
0.
0
0.
0
0.
0
0.
0
0.
0
0.
0
0.
0
0.
0
O
th
er
s
4.
5
4.
7
4.
7
4.
7
4.
7
.
8
 .
9
.
2
4.
0
.
8
4.
1
4.
1
4.
2
0.
5
T
ot
al
 
10
.0
8.
7
7.
8
8.
5
8.
5
8.
7
9.
2
8.
0
8.
2
8.
6
8.
7
8.
5
8.
6
0.
6
Fisheries Research Contract Report [Western Australia] No. 16, 2007 
Table 1.7.  Hatch rate (%) and larval survival to settlement (%), performance at settlement and post-
larval survival 2 weeks after settlement of selected batches derived from conditioned (c) 
and wild (w) caught broodstock during the two spawning seasons. 
Season Treatment
 
Batch Hatch 
rate (%)
Larval 
survival (%)
Settlement
(%)
Post-larval 
survival (%)
1 c 1 95 15 - -
7* 95 15 - -
w 2 100 25 61 0.
 99 0 6 29
6 4 29 <0 -
2 c 15** 77 100 64 69
w 20 80 16 76 7
* Batch 7 derived from broodstock that was only conditioned for a period of .5 months.
** Batch 15 derived from broodstock that were conditioned on formulated feed but fed red seaweed for  months 
prior to spawning.
- Larvae were not settled
Table 1.8.  Correlation between egg characteristics and larval performance 
 
Egg 
diameter Moisture (%) Lipid (%) Hatch (%)
Larval 
survival Set (%)
Egg diameter -0.6 -0.89 -0.93 0.48 0.5
Moisture (%) -0.6 0.74 0.66 -0.47 -0.95
Lipid (%) -0.89 0.74 0.98 -0.50 -0.72
Hatch (%) -0.93 0.66 0.98 -0.6 -0.64
Larval survival 
(%) 0.48 -0.47 -0.50 -0.6 0.0
Set (%) 0.5 -0.95 -0.72 -0.64 0.0
Post-larval  
survival (%) 0.60 -0.51 -0.62 -0.74 0.99 0.7
Significant effects are shown in bold and italics (n=7).
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2.0 Enriched formulated conditioning diets: effect 
on feed intake, spawning success and offspring 
performance
Sabine Daume1, Mark Davidson1,, Fiona Parker1 And Tahryn Mackrill2 
1 Department of Fisheries, Research Division, PO Box 20, North Beach, WA 6920, Australia  
2 Great Southern Marine Hatcheries, PO Box L34, Little Grove, Albany WA 6330, Australia
2.1  Introduction
A crucial step in successful abalone aquaculture is selecting female broodstock that exhibit high 
fecundity and produce high quality eggs over consecutive spawnings. This reduces the need to 
hold large groups of females, and minimises the amount of hatchery resources, such as feed and 
labour needed to maintain the broodstock.  
Earlier research on broodstock conditioning with greenlip abalone (Haliotis laevigata) showed 
evidence of nutrient depletion of eggs during lengthy conditioning periods and high spawning 
induction frequency (Daume and Ryan 2004, Freeman et al. 2006). Thus nutrient provisioning of 
eggs is an important factor governing the development and survival of larvae. The diet of female 
broodstock and the conditioning regime are likely to contribute to the quality of abalone eggs.
This study examined the effect of diets (three formulated diets with differing levels of the fatty 
acid, arachidonic acid (ARA) and a red seaweed diet) and spawning frequency on the variability 
in spawning success and larval performance.
This study examined the effect of diet (three formulated diets with differing levels of the fatty 
acid, arachidonic acid (ARA) and a red seaweed diet) and spawning frequency on the feed 
intake, spawning success and offspring performance. 
2.2  Material and methods
Broodstock collection 
Two broodstock conditioning experiments were conducted. The first experiment involved 
wild caught greenlip abalone broodstock, Haliotis laevigata (Donovan), (120-140 mm in shell 
length); the second experiment compared farm-grown F1 animals (80-95 mm in shell length at 
the start of the trial).
Wild caught abalone, were collected in August 200 from Augusta (115°16'E; 4°2'S) and 
Hopetown (120°1'E; °95'S), Western Australia and held indoors at Great Southern Marine 
Hatcheries, Albany, Western Australia. 
Farm-grown greenlip abalone broodstock were provided in May 2004 by Bayside Abalone, a 
land based farm in Bremer Bay, Western Australia.  
Experimental set-up 
Broodstock were maintained in round 60 L plastic tubs, with each tub containing  animals. 
Broodstock were exposed to a photoperiod of 12L: 12 D at ca. 100 lux (measured at the bottom 
of tubs). The conditioning system received flow through, temperature controlled seawater 
(average temperature, 17 ± 0.2°C). 
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Broodstock were spawned prior to treatment conditioning and again every 16 weeks, i.e. every 
1,11°C-days EAT. Effective Accumulative Temperature (EAT) was calculated using the 
formula (Kikuchi and Uki 1974):  
)(
1
θ−=∑
=
i
n
i
tYn
 
 where Yn (°C days) = EAT, n (days) = number of days since water temperature rose above θ, 
ti (°C) = daily water temperature in which the animal was reared, and θ (°C) = biological zero 
point for gonad maturation (6.9°C for H. laevigata; Grubert and Ritar 200). 
Diets
In the first experiment, four sets of wild greenlip abalone broodstock (each set consists of 12 
tubs of females and 2 tubs of males with  animals each) were conditioned on different diets. 
One set was fed a formulated diet with low enrichment of arachidonic acid (ARA) (EPA:ARA 
= :8); a second set was fed the formulated diet enriched with high level of arachidonic acid 
(ARA) (EPA:ARA = 1:16), a third set was fed on a formulated diet without the arachidonic 
enrichment but the same ingredients as the other two diets (EPA:ARA = 6:0) and the fourth set 
was fed with red seaweeds (e.g. Gracilaria sp., Plocamium mertensii, Laurencia sp. etc) (EPA:
ARA = 0:7, 17:6 respectively). The two tubs of males in each set were fed the control diet. The 
formulation of the diets is attached in Appendix .
The second experiment compared three sets of farm-grown F1 animals. Each set consists of 9 
tubs of females with  animals each. One set was fed on a formulated diet with low enrichment 
of ARA; a second set was fed a commercial diet (Adam & Amos) and a third set was fed with 
red seaweeds (Plocamium mertensii, Laurencia sp. etc). Two tubs of males with  animals each 
were fed on a commercial diet. 
The red seaweeds were collected from the Southern Ocean mainly around Albany (117°95'E; 
4°90'S); the Gracilaria sp. was collected from Hopetown (120°1'E; °95'S). Animals were 
cleaned and fed ad libitum daily. Feed intake was monitored daily.
Spawning and larval rearing methods
Spawning:  
Broodstock are placed into individual spawning containers and induced to spawn using 
commercial spawning techniques. Ultraviolet-irradiated seawater was heated to 21°C and then 
slowly reduced to ambient 17°C during the course of 8 hours. Spawning usually occurred after 
12-24 hours. 
Fertilisation:  
Abalone eggs of all spawning female abalone (-10 per spawning) were collected with a small 
siphon and combined with sperm that was collected from 2- spawning males per spawning. 
After determining egg and sperm density, the eggs from 1 female were fertilised with 5-10 sperm 
per egg from 1 male (1F x 1M) to form 1 batch. Eggs were washed after 15 minutes in filtered 
seawater for 15 minutes to remove excess sperm and to avoid polyspermy. The fertilisation rate 
of each batch was determined by counting the eggs that were dividing after 1 hour (indicating 
that eggs have been successfully fertilised) in three 1ml samples. 
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Hatch rate:  
Eggs of each batch were placed into separate hatch tubs and formed a monolayer on the bottom 
of the tub. All tubs were set up with low water flow and low aeration. The water was turned off 
ca. 2 hours before hatch out started. The hatch rate (expressed as percentage) was determined by 
counting the number of unhatched eggs in three 1ml samples, calculating the total of unhatched 
eggs and subtracting these from the total number of successfully fertilised eggs.
Larval survival:  
Larvae were reared in 300 L conical fibreglass tanks at a stocking density of up to 20 larvae per 
ml. All tanks were set up with low aeration and water flow after the larval shell was completely 
formed. Depending on the ambient water temperature, larvae were reared in these tanks for ca. 
7 days (at 17°C). 
Settlement, growth and survival:  
Larvae were settled on commercially used PVC settlement plates (40 x 60 cm) covered by 
Ulvella lens, which was cultured on the plates for 2- weeks prior to larval settlement. Larvae 
were released into experimental nursery tanks at a standard density of 0.2 larvae ml-1. Nursery 
tanks hold ca. 90 L and were set up with  baskets holding 20 settlement PVC plates each. 
The term “settlement” describes the permanent attachment of the larvae to the substrate after 
shedding of the velum to complete metamorphosis. Settlement rates were assessed 2- days 
after larval release. The survival and growth was estimated at 4 and in some cases also 8 weeks 
after settlement.
2.3  Results
Wild caught abalone broodstock (Haliotis laevigata)
Spawning 
Across all spawnings, excluding spawn out, the highest spawning success rate and total number 
of eggs produced were achieved in the high ARA treatment (Table 2.1). The average batch 
size and total number of eggs produced was significantly smaller in the red seaweed treatment 
compared to all formulated diet treatments (p<0.05). However, the percentage of primary 
eggs was lower in batches spawned from females feeding on red seaweeds. Primary eggs are 
small and do not have a fully developed jelly coat. This indicates, that females in formulated 
diet treatments spawned larger batches but a larger proportion of these eggs were not fully 
developed. Percentage of primary eggs in formulated diet treatments were particularly high 
during the first spawning and in low ARA and control diet during the second spawning but 
decreased during the third spawning. In contrast, the percentage of primary eggs increased 
slightly in red seaweed treatment over the course of the experiment. Biochemical analyses of 
all batches will allow comparison of batches with high and low percentages of primary eggs 
between and among treatments. 
During the first and second spawning the average batch size of eggs spawned from females 
feeding on red seaweed was significantly smaller than those in formulated diet treatments 
(p<0.05). However there was no difference in batch size at spawn out, when animals where first 
collected from the wild and not under the influence of diets, indicating that diet and not other 
animal traits, such as broodstock size or weight, influenced batch size. There was no significant 
difference in batch size between the diet treatments during the third spawning mainly because 
batch size in formulated diet treatments did not recover whereas batch size in the red seaweed 
treatment did. The batch size in formulated diet treatments was nearly twice as high in the first 
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spawning compared to batch sizes in the third spawning, indicating that broodstock did spawn 
successfully but had not fully recovered since the first spawning 8 month ago. 
There was a drastic decline in spawning success and total number of eggs produced from the 
first to the second spawning in all treatments (Table 2.1). The spawning success recovered 
during the third spawning but the total number of eggs produced stayed well below the number 
achieved during the first spawning in all formulated diet treatments. 
The percentage of individuals that spawned again was particularly high during the first and 
second spawning indicating that individuals conditioned and successfully spawn 2- times, 16 
weeks apart when reared at 17°C. It also suggests that longer conditioning periods are necessary 
for consistent ongoing spawning success.
Some unsuccessful females were sacrificed after the second and third spawning to assess gonad 
condition. Four females (one of each treatment) and 16 females (four of each treatment) were 
taken respectively. Sections of gonad tissue sampled from individual female abalone were 
prepared for histological examination. The sections were examined using a light microscope and 
visually assessed for stage of maturity using a classification system described by Grant and Tyler 
(198). After the second spawning only the females feeding on the control and the high ARA 
diets showed mature gonads whereas the female feeding on red seaweed had a very immature 
gonad. Examination of the sections from females collected after the third spawning revealed 
very high variation. Five of the 16 animals were at a mature reproductive stage. Three abalone 
were in the growing phase leading to development of mature oocytes. Two of the mature stages 
came from the high and low ARA treatments each and one of the control treatments. All of the 
four females feeding on red seaweeds showed very immature gonads. These results indicate that 
at least in formulated diet treatments female abalone did condition during 16 weeks at 17°C and 
had mature oocytes but did not spawn successfully when induced. Spawning results indicated 
that individual females feeding on red seaweed were most likely to recondition and spawn 16 
weeks apart and unsuccessful females had very undeveloped gonads indicating better control 
in red seaweed treatments. Females in formulated diet treatments were probably nutritionally 
compromised as the experiment progressed, because of low feed intake and any positive effect 
of these diets confounded. However, the results also highlight the importance of individual 
differences in spawning response. Some female abalone spawned particularly well, especially 
in the red seaweed treatment
Feeding and growth
During this experiment, it became apparent that conditioned broodstock, which had been 
collected from the wild were losing weight particularly during the first 16 weeks (until the first 
spawning) of the experiment (Table 2.2). There was a weight gain in all treatments between the 
first and second spawning and weight loss in the formulated treatments between the second and 
third spawning.
Feed intake was estimated during the whole trial and appeared very low. Broodstock were 
feeding up to 0.2% body weight per day (on a dry weight basis) on the formulated diets and up 
to 0.% bw per day (1.8% bw wet weight) on the seaweed diet. Consequently an experiment, 
with a two-factorial design, was conducted where broodstock was fed 2x either at 1 or 0.5% 
body weight per day or 1x at 1% body weight per day. This experiment was conducted over 
a 6-month period. The results indicate that broodstock consume -4 x as much seaweed (on a 
dry matter basis) than formulated food (Table 2.). Even though food was offered in excess, 
broodstock consumed more food if more was provided (e.g. 0.5% 2x versus 1% 1x day-1). 
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There was no significant correlation between broodstock shell length and total number of eggs 
spawned per individual (r2 = 0.16). Figure 2.1 shows the large variability between individual 
broodstock in terms of total number of eggs spawned per induction.
To establish if full conditioning and successful inductions can be achieved after 12 month, 102 
females were conditioned for one year on three different diets, excluding the high ARA diet (4 
females per treatment). In this final spawning in September 2005, the average batch size was 
only satisfactory in the red seaweed treatment (Table 2.4). 
Fertilisation, hatch, larval survival, settlement and post-larval growth
Batches of successful spawnings 1 and 3, as well as the final spawning were reared separately to 
compare the effect of female diet on offspring performance. Overall the best results in offspring 
performance were achieved during the first spawning (Table 2.5). Ten larval batches were settled 
after the first spawning. However, there was no significant difference in any of the parameters 
(e.g. fertilisation, hatch etc) between the treatments. The second spawning was unsuccessful 
and an overall decline in larval yield was still apparent during the third spawning. The third 
spawning revealed a decline in fertilisation and hatch of eggs as well as in survival of larvae 
and consequently only four batches were settled after the third spawning. Three batches derived 
from females feeding on the low ARA and one batch from a female feeding on red seaweed. 
There was no difference between the treatments in settlement and size at 3 days. The final 
spawning resulted in six larval batches and successful settlement of four batches from females 
feeding on red seaweed and one of the low ARA and the control diet each.
Larval batches derived from female broodstock feeding on red seaweeds during the final 
spawning were most successful in terms of larval survival and percent settlement. Interestingly 
-day-old postlarvae produced from these females were also larger than postlarvae in all other 
treatments. 
Farm-grown abalone broodstock (Haliotis laevigata)
During the first spawning, the low ARA diet treatment produced by far the highest average batch size 
compared to the other two diets with a lower spawning success rate, indicating that fewer individuals 
with higher overall batch size were spawned in this treatment (Table 2.6). 
Similar to the previous trial, females feeding on red seaweed produced smaller batches. These 
were significantly smaller that batches of the low ARA treatment (p<0.05). However the low ARA 
treatments yielded a very low number of eggs during the spawn out which could have contributed 
to an elevated yield in this treatments during the following spawning. The second spawning was 
unsuccessful and farm-grown stock did not recover during the third spawning. 
Farm-grown stock had a lower average batch size than wild caught broodstock. However there was 
no significant correlation between shell length and total number of eggs spawned in wild caught 
broodstock.
During the first spawning two larval batches were produced, one derived from females feeding 
on the low ARA diets and one from the control diet (Table 2.7a). Although hatch and larval 
survival was low in both batches, larvae in low ARA treatment settled successfully and grew 
and survived well (Table 2.7b).
Feed intake was higher than in the previous trial (Table 2.8). However formulated feed intake was 
still below 60% of the seaweed (dry weight basis). Farm-grown broodstock increased slightly 
in weight throughout the experiment in all treatments (Table 2.9). This indicates that farm-
grown broodstock are more suited to feeding formulated diets than wild caught broodstock. The 
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weight increase was highest in the red seaweed treatment and lowest on the control diet. Across 
all treatments, animals gained most weight between the first and second spawning but did not 
spawn successfully during the second spawning. A similar pattern was observed in wild caught 
broodstock, where an unsuccessful spawning followed a period of weight gain. 
2.4  Discussion
Wild broodstock spawning and offspring performance
The results indicate that wild caught greenlip abalone broodstock successfully conditioned 
at 17°C and 16 weeks (1,11°C-days EAT) spawning intervals, however longer conditioning 
periods are required for consistent ongoing spawning success and offspring performance 
(>2,262°C-days EAT). We recommend rotating sets of broodstock so that individual sets are 
spawned only once every 8 months. 
Females feeding on the formulated feed may have been nutritionally compromised as the 
experiment progressed and as such produced less viable offspring. However we observed an 
extremely large variability in spawning success and batch size between individual females. On-
farm conditioning and ongoing selection would reduce this variability.
Wild broodstock feeding and growth
Wild-caught broodstock showed substantially higher, feed intake (on a dry matter basis) on 
a red seaweed diet compared to formulated feeds and broodstock did not loose any weight 
on the seaweed diet after the first 4 weeks. Weight loss in the formulated treatments between 
the second and third spawning may at least partially explain the reduction in batch size and 
offspring performance during the third spawning in these treatments. 
Seaweed is fed as whole live thalli and thus more food volume is available in the tubs and the 
broodstock is more likely to encounter food. Observations have shown that animals are very 
sessile and do not forage even during the dark phase of the photocycle. Formulated feed leaches 
and looses some of its nutritional value if not consumed readily. In the case of the formulated 
diet the extra food is wasted, whereby seaweed can be maintained in the tanks for a longer 
period of time without any negative effect on the feed quality. Based on proximate analyses 
of all diets and digestible energy (MJ/ kg DM) estimates, animals need to consume 60-80% of 
the formulated diets to get similar energy ration than on the seaweed diet. The food intake of 
broodstock feeding formulated feed was however approximately 25-0% of the seaweed intake 
(on a dry weight basis). This indicates that animals in formulated diet treatments received 
substantially less energy than those feeding on seaweed.
The nutritional status of animals feeding on formulated diets was possibly compromised as the 
experiment progressed because of the low feed intake on these diets. This indicates that long-
term conditioning of wild caught greenlip broodstock is difficult using formulated diets and we 
recommend feeding red or mixed seaweeds to larger broodstock.
Farm-grown broodstock spawning and offspring performance
Farm-grown broodstock (80-95 mm in shell length) spawned smaller batches of eggs per 
individual female (0.05 to 1.0 x 106 eggs; average 0.25 x 106 eggs) compared to larger wild caught 
broodstock (0.02 to 8.5 x 106 eggs; average 1.27 x 106 eggs). Considering 50-60% spawning 
success for both wild caught and farm-grown broodstock, about 5 times more individual females 
need to be induced when spawning smaller, farm-grown broodstock to gain the same amount 
of eggs. Farm-grown broodstock had a lower success rate because these females were smaller 
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than the wild caught broodstock because of the extreme variability between individuals and 
inductions.
Results indicate that smaller farm-grown stock might only be successfully spawned once or 
twice a year when conditioned for 16 weeks at 17ºC. Similar to the previous trial, it suggests 
that longer conditioning periods are necessary for consistent ongoing spawning success.
Farm-grown broodstock feeding and growth
Feed intake of farm-grown broodstock was slightly higher than wild caught stock when feeding 
formulated feed, but still much lower than on the seaweed diet. Consequently stock received 
less energy in the formulated diet treatments than in the red seaweed treatment. Farm-grown 
broodstock (80-95 mm in shell length) are still expected to gain weight and potentially need 
more energy. 
Broodstock were eating more when more food was available, even though food was always 
offered in excess. Farm-grown broodstock gained more weight when feeding on the seaweed 
diet. Under these circumstances a seaweed diet is easier to manage because seaweed can stay in 
the tank whereas formulated feed needs to be removed at least every 2 days and consequently 
much of the food is wasted.
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Figure 2.1:  Total number of eggs produced per individual broodstock over 4 consecutive spawnings 
in 18 month versus broodstock shell length.
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Table 2.1. Average spawning success rate, total number of eggs produced, percentage of primary 
eggs, average batch size and percentage of respawning of female greenlip abalone 
when feeding on four different diets over four consecutive spawning inductions.
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Table 2.2.  Specific growth rates (SGR Weight as % day-1) of broodstock feeding on four  
different diets.
until first 
spawning
until second 
spawning
until third 
spawning
Red seaweed -0.024 0.004 0.001
Control -0.09 0.022 -0.010
Low ARA -0.052 0.018 -0.002
High ARA -0.045 0.005 -0.016
Table 2.3. Feed eaten (g day-1 and % bw day-1) when feeding 3 diets at 3 different feeding regimes.
Diet Feeding rate
Feed eaten
(g day-1)
% bw day-1
Low ARA
0.5%  x  2 0.0 0.08
1%  x  1 0.6 0.10
1% x 2 0.44 0.14
Control
0.5%  x  2 0. 0.08
1%  x  1 0.6 0.10
1% x 2 0.48 0.15
Red Seaweed
0.5%  x  2 0.84 0.24
1%  x  1 1.18 0.8
1% x 2 1.49 0.49
Table 2.4.  Spawning success rate, total number of eggs produced and average batch sizes 
of female greenlip abalone when feeding on three different diets after 12 months 
conditioning.
Spawning success No. eggs Average 
Diet (%) x 106 Batch size x 106
Red Seaweed 21 5.21 0.74
Control 9 1.08 0.6
Low ARA 18 1.01 0.17
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Table 2.5.  Average fertilisation, hatch, larval survival, settlement and post-larval size of batches 
derived during the first, third and final spawning in all diet treatments.
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Table 2.6.  Spawning success rate, total number of eggs produced and average batch sizes of farm-
grown abalone when feeding on three different diets over four consecutive spawning 
inductions.
Diet Spawning Spawning success No. of eggs Average batch size
 (%) (x 106) (x 106)
Spawn out 44 0.47 0.12
Red Seaweed 1 55 0.99 0.20
2 0 0.00 0.00
  0 0.00 0.00
Spawn out 56 0.06 0.01
Low ARA 1 22 1.59 0.80
2 0 0.00 0.00
  0 0.00 0.00
Spawn out 89 0.40 0.05
A & A 1 55 1.71 0.4
2 0 0.00 0.00
  11 0.07 0.07
Table 2.7a.  Fertilisation, hatch, larval survival, settlement and post-larval growth of 2 batches derived 
from different diet treatments.
Diet Fertilisation Hatch Survival to set Settlement Size 3 days
(%) (%) (%) (%) (µm)
Low ARA 92 25 19 40 60
A & A 2 5 - - -
Table 2.7b.  Survival and growth of the low ARA batch.
 4 weeks 11 weeks 35 weeks
Survival (%) 50 8 55
Size (µm) 997 ,280 1,774
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Table 2.8.  Feed eaten (% bw day-1) by farm-grown broodstock when feeding 3 diets over three 
consecutive spawning periods.
 
until first 
spawning
until second 
spawning
until third 
spawning
Red Seaweed 0.615 0.641 0.64
Control 0.152 0.107 0.098
Low ARA 0.171 0.11 0.08
Table 2.9.  Specific growth rates (SGR Weight as % day-1) of farm-grown broodstock feeding on 
three different diets over three consecutive spawning periods.
 
until first 
spawning
until second 
spawning
until third 
spawning
Red Seaweed 0.07 0.077 0.016
Control 0.019 0.077 0.005
Low ARA 0.041 0.067 0.008
3.0 Influence of conditioning diet and spawning 
frequency on variation in egg diameter for greenlip 
abalone, Haliotis laevigata
 
Fiona Graham1, Tahryn Mackrill1,2, Mark Davidson1,2 and Sabine Daume1 
1Research Division, Department of Fisheries, Western Australia, PO Box 20, North Beach, WA 6920, Australia 
2Great Southern Marine Hatcheries, PO Box L34, Little Grove, Albany WA 6330, Australia
3.1  Introduction
Abalone larvae are lecithotrophic and rely heavily on yolk reserves provided by the egg to fuel 
development (Jaeckle and Manahan 1989). Previous studies have indicated that smaller eggs 
have improved fertilisation rates and contain more total lipid than larger eggs (Daume and Ryan 
2004). However, it is considered widely for invertebrates, that larger eggs produce larger offspring 
with a greater chance of survival (Levitan 2000), and that fertilisation is increased at lower sperm 
concentrations for larger eggs (Levitan 1996, Marshall et al. 2002).
It has been proposed that the most appropriate method of determining reproductive cycles in molluscs 
and echinoderms is to measure oocytes (Grant and Tyler 198). However, egg diameter, post 
spawning, is thought to be a key determinant of reproductive performance (Brooks et al. 1997) and 
small differences in egg diameter are considered to have significant biological consequences (George 
1999). The ratio of cytoplasm to egg diameter is considered to be useful for assessing reproductive 
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performance in blacklip abalone, Haliotis rubra, (Littay and De Silva 2001) and to provide a measure 
of optimal egg size for fertilisation experiments without the need for histological examination.  
This study examined the effect of diet (three formulated diets with differing levels of the fatty 
acid, arachidonic acid (ARA) and a red seaweed diet) and spawning frequency on the variability 
in egg diameter within a batch of eggs spawned from one female and between batches. 
3.2  Materials and methods
Broodstock spawnings
Spawning dates were October 2003 for the spawn out, January/February 2004 for the first, May/ 
June 2004 for the second and September 2004 for the third spawning (Table .1).
Within each spawning group (Table .1), 6 females (9 females per treatment) and 6 male 
greenlip abalone were individually induced to spawn using a combination of desiccation for 1 
hour, heat stress at 21°C and UV treated seawater.
Egg measurements
Unfertilised egg samples were collected within 0 min of the female spawning and immediately 
fixed in 10% formalin. Thirty eggs were then measured using an eyepiece graticule on an 
inverted microscope. Cytoplasm diameter, vitelline layer and jelly coat thickness were compared 
between individual females, diet treatments and across consecutive spawnings (Figure .1). The 
variability of egg diameter within batches spawned from the same female over three consecutive 
spawning rounds and within diet treatments were determined. Egg diameter includes both the 
vitelline and cytoplasm components of the egg. The ratio of cytoplasm to egg diameter was 
calculated as the cytoplasm measurement divided by the egg diameter. Eggs were classed as 
primary eggs when the jelly coat and vitelline layer was absent and the total egg diameter was 
on average 111.51 ± 10.54 µm.
Data analysis
All data analyses were carried out using Statistica software (version 6.0. StatSoft, Inc. 2002). 
Normality of all data was checked graphically using box plots and with the Kolmogorov-
Smirnov test. 
Comparisons of egg parameters (cytoplasm, vitelline layer and jelly coat thickness), and 
comparisons of broodstock parameters with batch and egg size, were carried out using analysis 
of variance (ANOVA) with Tukey post hoc comparisons. Repeated measure analyses could 
not be performed, because different individuals spawned successfully during each of the three 
attempted spawnings.
Weight and shell length data in relation to weight loss were investigated using repeated 
measures ANOVA and Tukey post hoc comparisons. The relationship between broodstock 
parameters (length and weight) and egg diameter were explored with a simple regression 
analysis (p<0.05).
Size-frequency distribution of egg diameter were compared over time and between treatments 
where appropriate using descriptive statistics (minimum, maximum, size range, first and third 
quartile). Inter-quartile differences between the first and third quartile were used as a measure 
of spread of the size-frequency distributions. 
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3.3  Results
Influence of diets on egg parameters over three consecutive spawnings 
During the first spawning, diet had a significant effect on cytoplasm diameter and jelly coat 
thickness (df = 9, F = 2.13, p = 0.03), however there was no significant difference in vitelline 
thickness between treatments (Table .2). Eggs obtained from females fed the red seaweed diet 
were smaller in cytoplasm diameter than the low ARA treatment (post hoc = 0.005). Jelly coat 
diameter was largest in the red seaweed treatment and significantly larger than in the low ARA 
treatment (post hoc = 0.007).
Diet treatments were found to have no significant effect on cytoplasm diameter, vitelline layer 
or jelly coat thickness of eggs obtained from the second (df = 9, F = 1.102, p = 0.8) and third 
consecutive spawning (df = 9, F = 1.12, p = 0.5). 
Across all spawnings, diet significantly influenced egg diameter (df = 3, F = 3.24, p = 0.023). 
Egg diameter in the red seaweed diet was significantly smaller than egg diameter in the low 
ARA (post hoc = 0.015), but did not differ significantly from the high ARA or control diet. 
In all four diet treatments, the ratio of cytoplasm to egg diameter decreased between the first 
and third spawning rounds. The ratio was highest in the low ARA treatment during the first 
spawning round and decreased to 0.88 in the third spawning round. Similarly the ratio in the 
high ARA treatment decreased to 0.88 in the third round, from 0.92 in the first round and 0.90 
in the second round. The occurrence of primary eggs in batches spawned by females fed the red 
seaweed diet increased over the three consecutive spawning rounds (Table .2). However, 
primary eggs occurred more frequently in the three formulated diet treatments, particularly 
during the first spawning round. 
Relationship between diet, shell length and weight change of female 
broodstock 
Table . shows the shell length, weights and weight changes of all female broodstock at each 
individual spawning, including the initial spawn out. Over the whole experimental period, all 
animals lost weight and time had a significant effect on weight loss (df = 3, F = 11.78, p = 
0.001). Broodstock weight at spawnout was significantly higher than weight during the first 
(post hoc p < 0.001), second (post hoc p = 0.0001) and third (post hoc p < 0.001) spawnings.  
Size frequency distribution of eggs spawned by the same female 
Red seaweed
Eggs spawned by female one during the first spawning ranged between 208 - 229 µm, with 75% 
(rd quartile) of the eggs being within 210 and 224 µm in diameter (Table .4, Figure .2A). 
The spread of data became slightly more variable during the second spawning increasing to an 
interquartile difference of 7.23 from 5.26 during the first and third spawning. For the second 
female, variability in egg size decreased from the first to the second spawning and then increased 
slightly during the third spawning (Interquartile difference 7.2, 2.6 and 5.92 respectively). 
The spread of data for the third female was more consistent over all three spawnings with the 
interquartile difference remaining at 5.26. Egg diameter ranged between 210 - 20 µm. 
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High ARA 
Eggs obtained from this female fed the high ARA formulated feed were less variable over time, 
with eggs ranging between 203 - 221 µm during the first spawning and between 210 - 230 µm 
and 210 and 229 µm in the second and third spawnings, respectively (Table .4, Figure .2B). 
The interquartile difference stayed constant at 5.26 during all three spawnings.
Low ARA 
The size frequency distribution of eggs obtained from the first female were highly variable 
between the first and second spawnings, with the distribution shifting from between 200 to 253 
µm, respectively (Table .4, Figure .2C). The interquartile difference increased from 2.6 to 
15.78 from the first to the second spawning and decreased to 6.57 during the third spawning. The 
second female only spawned during the first and second spawning, however the size variability 
was smaller and ranged from 210 to 29 µm.
Control diet (no ARA)
During the first spawning round eggs obtained from the first female ranged between 204 – 
228 µm with 75% (rd quartile) of the eggs within 205 and 218 µm in diameter (Table .4, 
Figure .2D). The interquartile difference decreased slightly from 6.25 to 5.26 during the second 
spawning round, and was highest at 11.84 during the third spawning round. The eggs spawned 
by the second female were less variable during the first and third spawning. The interquartile 
difference was lowest during the first spawning (5.59) and increased to 7.89 and 7.56 during 
the second and third spawning respectively. The third female spawned during only the first and 
second spawning however, egg size decreased over these time periods with eggs ranging from 
210 to 224 over the first and second rounds, respectively.
3.4  Discussion
Influence of diets on broodstock parameters and egg parameters
The results of this study suggest that diet is not the only factor controlling the size of the eggs 
produced. Over all three consecutive spawnings, egg diameter in the red seaweed treatment 
differed significantly from only the low ARA diet, and relative differences varied with spawning 
rounds. During the first spawning round, eggs spawned by females fed the red seaweed diet were 
significantly smaller in cytoplasm diameter and had significantly larger jelly coats than those 
in the low ARA treatment. However, during the second and third consecutive spawnings there 
was no significant effect of diet on cytoplasm diameter, vitelline layer thickness or jelly coat 
thickness. Previous studies have indicated that diet directly influences egg quality in marine 
invertebrates (Jaeckle 1995). On the other hand, Nevejan et al. (200) found that the total lipid 
content of eggs and the size of the eggs spawned by the scallop, Argopecten purpuratus were 
independent of diet. Similarly Caers et al. (2002) found there to be no significant effect of diet 
on the egg size of the oyster, Crassostrea gigas. 
The role of diet in this study is unclear. Whether the increase in egg diameter in the low ARA 
treatment is correlated with the ARA content of the eggs will be determined after subsequent 
biochemical analysis of the eggs. It is likely however that the maternal condition of the female 
broodstock during the second spawning was negatively influenced by some other factor like 
overall animal nutritional condition. All animals lost weight during the experiment particularly 
when feeding on the formulated diet at the start of the experiment. It could be suggested that 
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animals needed a weaning period to get used to the new diets because weight loss was less 
apparent on the natural diet and decreased on the formulated diets after the first spawning. 
If measurements of egg diameter are an accurate representation of egg ripeness, as larger eggs 
are more ripe than smaller eggs, then those eggs obtained from the low ARA formulated feed 
treatments were more ripe than those obtained from the red seaweed treatment. On the other hand 
the low ARA diet showed the highest percentage occurrence of primary eggs. It is possible that 
these larger eggs contained more moisture as found by Daume and Ryan (2004) and were thus 
not a true reflection of ripeness. It may also be that the micronutrient content of the formulated 
feeds may be lower than optimal. The red seaweed diet is a mixed species diet and subsequently 
may be lacking in some macronutrients. However, eggs in the red seaweed treatment showed 
the lowest percentage occurrence of primary eggs. A follow up study investigating combined 
broodstock conditioning diets, where broodstock are first fed a low ARA formulated diet and 
then finished off with red seaweed before spawning, is planned.
The decrease in the ratio of cytoplasm to egg diameter across all treatments may suggest that 
egg quality deteriorated over the consecutive spawnings. Littay and De Silva (2001) reported 
for blacklip abalone, that a ratio of yolk (equivalent to cytoplasm in this study) to total egg 
diameter between 0.8 – 0.87 was ideal for this species and provided the highest fertilisation 
rate. These authors suggested that any deviation from this range (0.8-0.87) indicates overripe 
eggs or declining egg biochemical status. The ratios found in our study were much higher than 
those found by Littay and De Silva (2001) however that might be attributable to the different 
species investigated in this study. 
Size frequency distribution of eggs
The descriptive statistics of the size frequency distributions of eggs spawned from individual 
females suggest that the eggs within the gonad are not uniform in size and display high variability 
between consecutive spawnings. This may be directly related to conditioning time, with the 
broodstock needing a longer conditioning period to produce eggs of similar size and quality. 
Huchette et al. (2004) found that development of blacklip abalone oocytes within the gonad was 
not uniform and resulted in eggs that were variable in size. Clavier (1992) suggested that only 
the largest and ripest oocytes within the gonad are released during a spawning. However, in 
this study egg size was very variable over single spawnings for some females. Broodstock may 
have responded to nutritional stress, resulting in reabsorption of ripe gametes. Martinez et al. 
(1992) concluded that a reduction in the gonad index of a hatchery reared scallop, Argopecten 
purpuratus, was due to resorption of ripe gametes as the broodstock were under nutritional 
stress. 
In this study, egg diameter was measured as total egg diameter including the vitelline layer and 
the cytoplasm. However, according to Grant and Tyler (198), the most appropriate method of 
determining reproductive cycles in molluscs and echinoderms is to measure oocytes. On the 
other hand, egg diameter is thought to be a key determinant of reproductive performance in fish 
(Brooks et al. 1997) and small differences in egg diameter are considered to have significant 
biological consequences (George 1999). Measuring egg diameter of unfertilised eggs (post 
spawning) is a relatively quick and simple means of gaining reproductive information about 
broodstock without the need of culling broodstock to measure oocytes. 
In this study we showed that the egg diameter varied between eggs spawned from females 
(H. laevigata) feeding on a red seaweed compared to the low ARA diet. Depending on 
spawning frequency, broodstock diet can also influence the cytoplasm diameter and jelly coat 
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thickness. Egg parameter measurements and ratios of cytoplasm to egg diameter may be useful 
parameters for assessing reproductive performance in greenlip abalone. Studies are needed to 
further investigate the influence of broodstock diets on egg variability and ultimately on larval 
survival. Combination diets, where broodstock are fed a formulated feed for the better part of 
the conditioning period, and then a suitable red seaweed species, will be tested.
3.5  References
Brooks, S., Tyler, C.R., & Sumpter, J.P., 1997. Egg quality in fish; What makes a good egg? Rev. Fish 
Biol. Fish. 7;87-416. 
Caers, M., Utting, S.D., Coutteau, P., Millican, P., Sorgeloos, P.,  2002. Impact of the supplementation of 
a docosahexaenoic acid-rich emulsion on the reproductive output of oyster broodstock, Crassostrea 
gigas. Mar. Biol. 140;1157-1166. 
Clavier, J. 1992. Fecundity and optimal sperm density for fertilization in the ormer (Haliotis turberculata 
L.). pp. 86-92. In; S.A. Shepherd, M. Tegner and S. Guzman del Proo, editors. Abalone of the world. 
Biology, Fisheries and Culture, Blackwell Scientific Publications Inc. 608 pp.
Daume, S. & Ryan, S., 2004 Fatty acid composition of eggs derived from conditioned and wild caught 
greenlip abalone broodstock (Haliotis laevigata). J. Shellfish Res. 23(4);967-974.
Freeman, K., Daume, S., Rowe, M., Maguire, G., Parsons, S. & Lambert, R., 2006 A broodstock 
conditioning trial with greenlip abalone (Haliotis laevigata Donovan) in Western Australia. J. Shellfish 
Res. 25(1);187-194.
George, S.B. 1999. Egg quality, larval growth and phenotypic plasticity in a forcipulate seastar. J. Exp. 
Mar. Biol. Ecol. 30(2); 20-224. 
Grant, A. & Tyler., P.A., 1983. The analysis of data in studies of invertebrate reproduction. 2. The 
analysis of oocyte size/frequency data, and comparison of different types of data. Int. J. Invertebr. 
Reprod. 6;271-28.
Grubert, M.A. & Ritar, A.J., 2003. The effect of temperature and conditioning intervals on the spawning 
success of wild-caught blacklip (Haliotis rubra) and greenlip (H. laevigata) abalone fed an artificial 
diet. In; Proceedings of the 10th Annual Abalone Aquaculture Workshop, 19-21st November 200, 
Port Lincoln, Australia. Fleming, A.E. (Editor). Abalone Aquaculture Subprogram, Fisheries Research 
and Development Corporation, Canberra, Australia. 
Huchette, S.M.H., Soulard, J.P., Koh, C.S., & Day, R.W., 2004. Maternal variability in the blacklip 
abalone, Haliotis rubra leach (Mollusca; Gastropoda); effect of egg size on fertilisation success. 
Aquaculture. 231;181-195. 
Jaeckle, W.B. 1995. Variation in the size, energy content, and biochemical composition of invertebrate 
eggs; Correlates to the mode of larval development. In; L. Mc Edward, editor. Ecology of Marine 
Invertebrate Larvae. CRC Press.  
Jaeckle, W.B. & Manahan, D.T., 1989. Feeding by a “non-feeding” larva; uptake of dissolved amino 
acids from seawater by lecithotrophic larvae of the gastropod Haliotis rufescens. Marine Biology. 
103;87-94. 
Kikuchi, S. & Uki, N., 1974. Technical study on artificial spawning of abalone, genus Haliotis. I. 
Relation between water temperature and advancing sexual maturity of Haliotis discus hannai Ino. 
Bull. Tohoku Reg. Fish. Res. Lab. 33;69-78
Levitan, D.R. 1996. Effects of gamete traits on fertilization in the sea and the evolution of sexual 
dimorphism. Nature. 382;15-282.
52 Fisheries Research Contract Report [Western Australia] No. 16, 2007
Levitan, D.R. 2000. Optimal Egg Size in Marine Invertebrates; Theory and Phylogenetic Analysis of 
the Critical Relationship between Egg Size and Development Time in Echinoids. The American 
Naturalist. 156(2);175-192.
Lleonart, M 1992. A Gonad Conditioning Study of the Greenlip Abalone (Haliotis laevigata). University 
of Tasmania, Hobart, 162p.
Littay, M. & De Silva, S.S., 2001. Reproductive indices based on physical characteristics of female 
blacklip abalone Haliotis rubra L. J. Shellfish Res. 20(2);67-677.
Marshall, D.J., Styan C.A., & Keough, M.J., 2002. Sperm environment affects offspring quality in 
broadcast spawning marine invertebrates. Ecol. Lett. 5;17-176. 
Martinez, G., Torres, M., Uribe, E., Diaz, M.A., Perez, H., 1992. Biochemical composition of broodstock 
and early juvenile Chilean scallop, Argopecten purpuratus Lamarck, held in two different environments. 
J. Shellfish Res. 11;07-1.
Nevejan, N., Courtens, V., Hauva, M., Gajardo, G.,  & Sorgeloos, P., 2003. Effect of lipid emulsions 
on production and fatty acid composition of eggs of the scallop Argopecten purpuratus. Mar. Biol. 
143;27-8. 
StatSoft, Inc. 2002. STATISTICA (data analysis software system), version 6. www.statsoft.com.
                      
Total egg diameter
(includes vitelline and cytoplasm)
Vitelline
Cytoplasm
Jelly coat
Figure 3.1.  Position of cytoplasm, vitelline layer and jelly coat in unfertilised eggs. Total egg diameter 
includes cytoplasm and vitelline layer.
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Figure 3.2.  Size frequency distribution of eggs spawned by the same female over three  
consecutive spawning rounds feeding on a) Red seaweed, b) High ARA, c) Low ARA 
and d) Control diet.
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Table 3.1.  Spawning dates for each spawning group. 
SPAWNING 
EVENTS
SPAWNING GROUPS
A B C D
Spawn out 07.10.0 15.10.0 22.10.0 29.10.0
First Spawning 26.01.04 0.02.04 11.02.04 18.02.04
Second Spawning 19.05.04 2.05.04 1.05.04 08.06.04
Third Spawning 08.09.04 14.09.04 22.09.04 29.09.04
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Table 3.2.  Influence of diet on cytoplasm diameter, vitelline layer and jelly coat thickness of 
abalone, Haliotis laevigata, eggs and the presence of primary eggs over three 
consecutive spawning periods (1, 2 and 3).  
(Data are means (µm) ± SE.)
Diet Spawning Cytoplasm Vitelline
Jelly 
Coat
Egg 
diameter 
(µm)
Ratio of 
Cytoplasm to 
Egg diameter 
Percent 
occurrence 
of Primary 
Eggs (%)
Red 
Seaweed
1 194.9 ± 
1.52a
18.17 ± 
0.90
117.5 
± .89c
212.52 ± 
0.90
0.92 0.18 ± 
0.1
2 202.57 ± 
1.02
22.10 ± 
0.57
11.40 
± 1.7
219.67 ± 
1.00
0.92 1.9 ± 
1.9
 202.18 ± 
2.14
24.47 ± 
0.7
128.80 
± 7.77
224.49 ± 
2.27
0.90 2.10 ± 
0.90
High 
ARA
1 196.7 ± 
1.55ab
18.4 ± 
1.7
10.92 
± .78cd
215.06 ± 
1.6
0.92 .6 ± 
1.2
2 201.98 ± 
1.1
27.28 ± 
1.54
12.51 
± .16
224.88 ± 
2.0
0.90 0.5 ± 
0.5
 200.4 ± 
1.24
26.08 ± 
0.87
118.08 
± 4.25
226.61 ± 
1.77
0.88 2.55 ± 
1.0
Low ARA
1 204.4 ± 
1.81b
18.50 ± 
1.27
92.9 ± 
4.0d
218.52 ± 
1.27
0.94 5.55 ± 
2.88
2 207.24 ± 
1.08
18.11 ± 
0.76
115.10 
± 1.5
21.28 ± 
1.55
0.90 5.65 ± 
.10
 201.25 ± 
1.96
26.71 ± 
0.9
117.44 
± 4.58
227.96 ± 
1.52
0.88 1.49 ± 
0.65 
Control
1 196.5 ± 
1.50ab
17.44 ± 
1.2
10.68 
± .84cd
21.98 ± 
1.2
0.92 .90 ± 
1.90
2 202.6 ± 
0.79
21.52 ± 
0.66
121.26 
± 0.96
222.27 ± 
1.29
0.91 .98 ± 
2.6
 20.8 ± 
1.76
24.15 ± 
0.86
117.7 
± 9.70
227.10 ± 
2.05
0.90 .05 ± 
1.25
*Means, within a column, with different superscript letters are significantly different (p<0.05).
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Table 3.3.  Influence of diet and spawning round on shell length, weight and weight change of 
Haliotis laevigata. (Data are means ± SE.)
Diet
Spawning 
round
Shell length 
(mm) 
Weight (g) Weight change (g)
Red 
Seaweed
spawn out 10.28 ± 
1.1
6.87 ± 12.00a
1 129.78 ± 
1.27
28.50 ± 10.74b -8.6
2 129.9 ± 
1.25
2.21 ± 10.95b -5.29
 129.89 ± 
1.2
2.0 ± 9.97b -0.18
High ARA
spawn out 1.89 ± 
1.7
80.24 ± 16.11a
1 1.44 ± 
1.5
6.47 ± 16.24b -16.77
2 1.47 ± 
1.44
60.98 ± 16.19b -2.50
 1.69 ± 
1.45
52.57 ± 14.98b -8.41
Low ARA
spawn out 12.9 ± 
1.40
52.26 ± 1.75a
1 11.97 ± 
1.9
0.18 ± 14.94b -22.09
2 11.58 ± 
1.8
1.5 ± 14.65b +1.5
 11.62 ± 
1.52
27.6 ± 14.69b -4.17
Control
spawn out 1. ± 
1.28
60.77 ± 11.92a
1 1.1 ± 
1.10
48.08 ± 10.0b -12.69
2 1.17 ± 
1.14
55.55 ± 10.7b +7.46
 1.6 ± 
1.15
50.5 ± 10.61b -5.02
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Table 3.4.  Descriptive statistics of egg size frequency distributions spawned by 1-3 female abalone, 
Haliotis laevigata, per diet treatment over three consecutive spawning rounds.
Treatment Spawning Quartile Female
1 2 3
Red Seaweed
1
1. Quartile 218.29 21.69 21.0
. Quartile 22.55 220.92 218.29
Interquartile 5.26 7.2 5.26
Min (µm) 207.77 210.40 210.40
Max (µm) 228.81 22.55 228.81
2
1. Quartile 21.69 215.66 218.29
. Quartile 220.92 218.29 22.55
Interquartile 7.2 2.6 5.26
Min (µm) 205.14 210.40 210.40
Max (µm) 22.55 20.1 226.18

1. Quartile 218.29 21.6 218.29
. Quartile 22.55 219.28 22.55
Interquartile 5.26 5.92 5.26
Min (µm) 210.4 210.40 210.40
Max (µm) 21.44 21.44 20.1
High ARA
1
1. Quartile 210.40
. Quartile 215.66
Interquartile 5.26
Min (µm) 202.51
Max (µm) 220.92
2
1. Quartile 21.0
. Quartile 218.29
Interquartile 5.26
Min (µm) 210.40
Max (µm) 20.1

1. Quartile 218.29
. Quartile 22.55
Interquartile 5.26
Min (µm) 210.40
Max (µm) 228.81
Low ARA
1
1. Quartile 207.77 221.58
. Quartile 210.40 228.81
Interquartile 2.6 7.2
Min (µm) 199.88 210.40
Max (µm) 218.29 26.70
2
1. Quartile 220.92 22.55
. Quartile 26.70 21.44
Interquartile 15.78 7.89
Min (µm) 202.51 218.29
Max (µm) 252.48 29.

1. Quartile 216.98
. Quartile 22.55
Interquartile 6.57
Min (µm) 210.4
Max (µm) 26.7
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Treatment Spawning Quartile Female
1 2 3
Control 1 1. Quartile 212.04 202.18 21.0
. Quartile 218.29 207.77 220.59
Interquartile 6.25 5.59 7.56
Min (µm) 20.8 194.62 210.40
Max (µm) 227.50 216.98 226.18
2 1. Quartile 21.0 220.92 210.40
. Quartile 218.29 228.81 215.66
Interquartile 5.26 7.89 5.26
Min (µm) 205.14 194.62 202.51
Max (µm) 226.18 244.59 22.55
 1. Quartile 211.72 216.98
. Quartile 22.55 224.54
Interquartile 11.84 7.56
Min (µm) 186.7 19.1
Max (µm) 24.28 240.65
4.0 The influence of specific nutritional components on 
spawning success and offspring performance
 
Sabine Daume1, Mark Davidson1,2, Fiona Parker1, Sam Hair1, Hirotatzu Fukazawa1,3 and Stephen Fisher 1 
1 Department of Fisheries, Research Division, PO Box 20, North Beach, WA 6920, Australia  
2 Great Southern Marine Hatcheries, PO Box L34, Little Grove, Albany WA 6330, Australia 
3 Tokyo University, Ocean Research Institute, Nakano, Tokyo, 164-8639 Japan
4.1  Methods
Biochemical analyses
Protein 
Total protein was measured using a modified Lowry method based on Dorsey et al. (1978) 
and adapted by Mercz (1994) and Buttery (2000). Bovine serum albumin (BSA) was used 
as the protein standard. Soluble protein was extracted by heating the sample at 100°C in a 
Biuret solution for 60 min. Following incubation 0.5 mL of Folin phenol reagent was added. 
The absorbance of the supernatant was read at 660 nm with a Cary 50 Probe UV-visible 
spectrophotometer (Varian Inc.) 
Carbohydrate
Total carbohydrate was determined using the phenol-sulfuric acid method of Kochert (1978) 
and Ben-Amotz et al. (1985) incorporating the modifications of Mercz (1994) and Buttery 
(2000). The samples were homogenised in 1 M H2SO4 and after heating at 100°C for 60 min, 
0. mL of the supernatant was transferred into a fresh vial and made up to 2 mL with deionised 
water. Sets of glucose standards were prepared and 1 mL of 5% (w/v) phenol solution was 
Table 3.4.  Con’t – Descriptive statistics of egg size frequency distributions spawned by 1-3 female 
abalone, Haliotis laevigata, per diet treatment over three consecutive spawning rounds.
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added to all samples, after which, 5 mL of concentrated H2SO4 was added. Absorbance was 
read at 485 nm.
Lipid
Lipid was extracted from the samples using a modified Bligh Dyer method (Bligh & Dyer 1959). 
Lipid was extracted with a methanol:chloroform:deionised water (2:1:0.8, v/v/v) solution, 
centrifuged at 1008 g. The pellet was then re-extracted as above, the supernatant was transferred 
into a fresh, graduated centrifuge tube, then made up to 5.7 mL with fresh chloroform:methanol:
deionised water solution. 1.5 mL of chloroform was added and mixed using a vortex stirrer 
followed by 1.5 mL of deionised water with further mixing and re-centrifuged for 5 min at 1008 
g. The chloroform layer was then gently removed using a fine Pasteur pipette and transferred 
into a dry, pre-weighed 2 mL glass vial. The vials were dried under a stream of ultrapure N2 gas 
and placed in a vacuum desiccator over silica gel overnight and then weighed.     
Ash
Total ash weights were determined by combusting the sample at 475°C for 24h. Following 
combustion the samples were weighed to 5 decimal places and total ash was calculated by 
subtracting the initial sample weight. 
Fatty acid analyses of abalone eggs
Approximately 0. g wet weight of eggs (ca. 120,000 eggs) was collected per batch. Samples 
were filtered onto 3 pre-weighed, pre-combusted glass fibre filters (Whatman GF/C, 4.7 cm 
diameter) and washed x with 0.5 M ammonium formate to remove residual salts. Samples 
were labelled, freeze-dried (Edwards Modulyo Model E2M-18) and stored at -80°C. 
Lipids contained in the organic phase, are concentrated through solvent evaporation and the 
fatty acids then derivatised to form the respective fatty acid methyl esters (FAMEs). The FAMEs 
profiles were determined by gas chromatography (GC-MS at CSIRO Land and Water, Perth) 
with a BPX70 capillary column (SGE Australia).
Data analyses
Statistical analyses were carried out using the STATISTICA 6.1 (Stat Soft, Inc. 2002) computer 
package. The assumptions of normality and homogeneity of variance were confirmed graphically 
for each data set using box plots.  ANOVAs were used to compare individual PUFA and PUFA 
ratios between eggs of different diet treatments. Relationships between the broodstock shell 
length and weight and egg diameter and batch size as well as egg characteristics and the 
performance of the larvae were explored using simple regression analyses.
4.2  Results
Broodstock diets
The formulated diets used in both experiments did not differ significantly in proximate 
composition. A mean of the proximate compositions of all formulated feeds are presented in 
Table 4.1 and compared with those of the red seaweed diet (Plocamium mertensii, Laurencia 
sp, Gracilaria sp.). Formulated feeds were significantly higher in protein and carbohydrates 
(p<0.05), whereas red seaweeds were significantly higher in ash content (p<0.05). Lipid content 
was similar in all diets.
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Wild caught abalone broodstock (Haliotis laevigata)
Spawning success and proximate composition of diets and eggs
There was no significant difference in spawning success between the treatments, however 
spawning success and the total number of eggs produced was higher in the high ARA treatment 
compared to any other treatment (see chapter 2). The average batch size and total number of 
eggs produced was significantly smaller in the red seaweed treatment compared to all formulated 
diet treatments. However, the percentage of primary eggs was lower in batches spawned from 
females feeding on red seaweeds, indicating, that females in formulated diet treatments spawned 
larger batches but a larger proportion of these eggs were not fully developed.
There was no significant difference in percentage protein or lipid of eggs spawned from 
broodstock feeding on different diets (p>0.05). However lipid and protein contents were higher 
in high ARA diet compared to any other treatment (Figure 4.1). The percentage of lipids was 
lowest in eggs from the red seaweed treatment however percentage protein was higher in these 
eggs compared to those in the low ARA and the control diet.  
There was a drastic decline in spawning success and total number of eggs produced from the 
first to the second spawning in all treatments (see chapter 2). The spawning success recovered 
during the third spawning but the total number of eggs spawned stayed well below the number 
achieved during the first spawning in all formulated diet treatments. 
The relative amounts of protein declined in all treatments from the first to the second spawning, 
the decline was particularly obvious in the red seaweed treatment and the high ARA treatment 
(Figure 4.2). The protein content increased from the second to the third spawning in all but 
the low ARA diet. There was a significant positive correlation between the relative amounts 
of protein in abalone eggs and spawning success (r = 0.62), total number of eggs spawned (r 
= 0.5) and average batch number (r = 0.56) indicating that during times of lower spawning 
success, egg contained lower amounts of protein. 
Offspring performance and fatty acid profiles of diets and eggs 
There was a significant difference in fatty acid profiles of the abalone eggs spawned in different 
treatments (Table 4.2). Eggs spawned from females feeding on the red seaweed showed higher 
relative abundance of the PUFAs arachidonic acid (ARA) and eicosapetaenoic acid (EPA) 
compared to all formulated diets. There was no significant difference in both of these fatty 
acids between the high and low ARA treatment, but ARA was higher in eggs of both enriched 
treatments compared to eggs of the control treatment. This indicates that ARA in enriched diets 
was incorporated into the eggs but it also indicates that it did not enhance above 1.% of total 
fatty acid even when ARA was provided at higher levels in the high ARA diet. 
EPA and was higher in eggs of the red seaweed treatment when compared to the high ARA 
treatment, decosahexaenoic acid (DHA) was below the detection limit in eggs of the red seaweed 
treatment and very low in eggs of the high ARA treatment. The ARA/ EPA ratio was highest in 
eggs of the red seaweed treatment followed by the high ARA and low ARA treatment and was 
significantly lower in eggs of the control treatment, whereas the DHA/ EPA ratio was highest 
in the control treatment
The relative abundance of some PUFAs in abalone eggs spawned from broodstock feeding on 
red seaweed declined from the first to the second spawning and increased from the second to the 
third spawning (Table 4.), coinciding with the decline in offspring success (see below). Fatty 
acid profiles could not be obtained of eggs from the formulated diet treatments spawned during 
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the second spawning. However, PUFAs ARA and EPA also increased from spawn-out to first 
and again to the third spawning in all formulated diet treatments. 
Overall the best results in offspring performance were achieved during the first spawning. 
Ten larval batches were settled after the first spawning. However, there was no significant 
difference in any of the parameters (e.g. fertilisation, hatch etc) between the treatments. The 
second spawning was unsuccessful and an overall decline in larval yield was still apparent 
during the third spawning. 
The third spawning revealed a decline in fertilisation and hatch of eggs as well as in survival 
of larvae and consequently only four batches were settled after the third spawning (see chapter 
2). Three batches derived from females feeding on the low ARA and one batch from a female 
feeding on red seaweed. All showed a relative high ARA/ EPA ratio and good settlement rates 
in batches that had a ratio >1.  
The final spawning resulted in six larval batches and successful settlement of four batches 
from females feeding on red seaweed and one of the low ARA and the control diet each. Larval 
batches derived from female broodstock feeding on red seaweeds during the final spawning 
were most successful in terms of larval survival and percent settlement and these batches had 
an average ARA/EPA ratio of 1, whereas the other 2 batches showed ratios of 0.64 and 0.86 
respectively. 
Overall there was no difference between the treatments in settlement rate and size at  days. 
There was however a significant positive correlation between the ARA/EPA ratio in abalone 
eggs and settlement (r = 0.65). ARA/EPA ratios above 1 yielded high settlement rates of > 40%, 
whereas ratios below 1 resulted in lower than 0% settlement.  
Egg size and fatty acid profiles
Abalone egg diameter in the red seaweed diet was significantly smaller than egg diameter in 
the low ARA (p < 0.05, Tukey Kramer post hoc = 0.015), but did not differ significantly from 
the high ARA or control diet (Graham et al. 2006, see chapter 3). During the first spawning, 
eggs spawned by females fed the red seaweed diet were also significantly smaller in cytoplasm 
diameter and had significantly larger jelly coats than those in the low ARA treatment. However, 
during the second and third consecutive spawnings there was no significant effect of diet on 
cytoplasm diameter, vitelline layer thickness or jelly coat thickness indicating that diet is not 
the only factor influencing egg diameter. In all diet treatments, the ratio of cytoplasm to egg 
diameter decreased between the first and third spawning, with the largest decline occurring in 
the low ARA treatment. There was a significant positive correlation between egg diameter and 
total amount of fatty acids (r = 0.64), indicating that larger eggs contained more fatty acids. 
There was also a positive correlation between the size of the jelly coat and the relative amounts 
of the PUFAs ARA (r = 0.61) and EPA (r = 0.84), indicating that eggs with larger jelly coats 
contained a higher percentage of ARA and EPA. This may have possible implication for the 
biological importance of the jelly coat. The jelly coat is thought to provide a form of protection 
for the egg and will help to keep eggs in the water column to facilitate fertilisation. It disappears 
after fertilisation; it is however possible those nutrients present in the jelly coat can be absorbed 
by the egg to fuel development. 
62 Fisheries Research Contract Report [Western Australia] No. 16, 2007
Farm-grown abalone broodstock (Haliotis laevigata)
Spawning success and proximate composition of eggs
Formulated feeds (both low ARA and control commercial Adam and Amos) were significantly 
higher in protein and carbohydrates whereas red seaweeds were significantly higher in ash 
content. Lipid content was similar in all diets (Table 4.1). There was no significant difference 
in percentage protein or lipid of eggs spawned from broodstock feeding on different diets 
(p>0.05). However the lipid content was slightly higher in control A&A diet compared to the 
other treatments (Figure 4.). The percentage protein was highest in eggs from the red seaweed 
treatment compared to those in the low ARA and the control diet. Thus differences in proximate 
composition of the diets were not reflected in the eggs.  
During the first spawning, the low ARA diet treatment produced by far the highest average batch 
size compared to the other two diets but broodstock in this treatment showed a lower spawning 
success rate, indicating that fewer individuals spawned larger batches in this treatment (see 
chapter 2). There was no significant correlation between spawning success and total protein or 
lipid in abalone eggs of farm-grown stock.
Eggs spawned from broodstock feeding on the control (A&A) diet showed lower levels of ARA 
than those from the other two diets. In contrast, eggs from the control treatment were significantly 
higher in EPA than eggs from the low ARA diet, resulting in a very low ARA/ EPA ratio in eggs 
from the control diet when compared to those of eggs from the other two treatments. However 
non of these difference were significant because of very high individual variability.
Offspring performance and fatty acid profiles
During the first spawning three larval batches were produced, two derived from females feeding 
on the low ARA diets and one from the control diet. Although hatch and larval survival was 
low in all batches, one batch of the low ARA settled successfully and grew and survived well. 
Eggs of this batch showed an ARA/EPA ratio of 1.1, whereas the other batch of the same diet 
treatment showed a ratio of 0.51 and the batch of the control treatment of 0.25.
Table 4.1.  Mean percentage of protein, carbohydrate, lipid and ash (± S.E.) in formulated diets and 
red seaweeds 
Diets Protein (%) CHO (%) Lipid (%) Ash (%) Total
Formulated feeds 1.24 ± 2.7 51.04 ± 4.6 2.42 ± 0.47 8.0 ± 5.18 9.01 ± .9
Red Seaweeds 16.8 ± 1.2 6.41 ± 4.55 1.85 ± 0.05 28.29 ± 0.5 82.70 ± 4.77
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Table 4.2.  Relative amounts (%) of major fatty acids and important PUFAs of eggs spawned from 
broodstock Haliotis laevigata feeding on different diets. Groups with different superscripts 
indicate significant differences (p<0.05, ANOVA with Tukey Kramer multiple comparison 
test).
 16:00
18:1n-9 
cis 18:1n-7
20:4n-6 
(ARA)
20:5n-
3(EPA)
22:6n-
3(DHA)
ARA/
EPA
DHA/
EPA
High 
ARA 1.18 22.5 19. 1.2 a 1.0 a 0.05 a 1.02 a 0.04 a
Low 
ARA 29.97 22.78 19.76 1.5 a 1.9 a,b 0.12 b 0.97 a 0.08 b
Control 2.00 27.82 15.1 0.94 b 1.48 a,b 0.18 b 0.64 b 0.12 b
Red 
Seaweed 29.09 21.28 22.20 2.1 c 1.80 b 0.00 a 1.19 a 0.00 a
Table 4.3.  Relative amounts (%) of major fatty acids and important PUFAs of eggs spawned during 
the third spawning from broodstock Haliotis laevigata feeding on the low ARA diet.
Batch 16:0
18:1n-9 
cis 18:1n-7
20:4n-6 
(ARA)
20:5n-
3(EPA)
22:6n-
3(DHA)
ARA/
EPA Set (%)
1 28. 2.98 19.9 1.2 1.7 0.22 0.90 10
2 29.8 24.15 22.27 1.14 0.94 0.08 1.21 5
3 28.16 22.89 20.78 1.46 1.5 0.1 1.08 70
Average 28.77 2.67 21.00 1.28 1.22 0.14 1.07 44
Table 4.4.  Relative amounts (%) of major fatty acids of eggs spawned from farm-grown broodstock 
Haliotis laevigata feeding on different diets.
 16:00 18:1n-9 18:1n-7
20:4n-6 
(ARA)
20:5n-3 
(EPA)
22:6n-3 
(DHA)
ARA/
EPA
DHA/
EPA
Low 
ARA 2.22 2.40 18.02 0.95 1.47 0.11 0.65 0.08
Control 
(A&A) 4.15 19.92 17.66 0.56 2.11 0.21 0.26 0.10
Red 
Seaweed .41 20.07 18.1 0.90 1.74 0.14 0.51 0.08
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Figure 4.1.  Mean percentage lipid and protein of eggs (dry weight) spawned from broodstock 
(Haliotis laevigata) feeding on four different diets.
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Figure 4.2.  Mean percentage protein of eggs (dry weight) spawned from broodstock feeding on four 
different diets over three consecutive spawning inductions.
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Figure 4.3.  Mean percentage lipid and protein of eggs (dry weight) spawned from F1 broodstock 
(Haliotis laevigata) feeding on three different diets.
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Section 2 – Evaluation of alternative feeds and 
nursery systems during the latter phase of greenlip 
abalone nursery production
General introduction 
The main diet of postlarval and early juvenile abalone (up to ~ 5 mm) in the natural environment 
consists of epiphytic and epilithic diatoms, crustose coralline algae, turf algae and bacteria, 
while larger juveniles consume macroalgae (Dunstan et al. 2002, Kawamura et al. 1995, 
Kawamura 1996, Kawamura & Takami 1995, McShane et al. 1994, Takami et al. 1998). Once 
abalone reach the transition phase from a diatom-based diet to a macroalgae diet, diatoms such 
as Cylindrotheca closterium (Ehrenberg) alone are no longer sufficient to maintain adequate 
growth rates in an aquaculture system (Takami et al. 200). At this stage additional algal food 
is required to sustain maximum growth rates and reduce the variability of growth and survival 
rates during the transition period. Maintenance of an adequate food supply to the 5-10 mm 
juveniles is seen as a major limiting factor in the intensification of abalone nurseries (Krsinich 
et al. 2000).
In order to culture abalone to commercial harvestable size within an economical time frame, 
current culture protocols and in particular, juvenile nutrition need to be improved. To advance 
this area of production, new juvenile diets must be explored that both supply sufficient biomass 
and provide greater nutritional benefits.
In this chapter five separate studies are presented two of them lead to manuscripts that are 
already published, another two are in preparation. 
5.0 Investigation of optimal culture condition for 
specific benthic diatoms and their suitability to 
commercial scale nursery culture of abalone  
(Haliotis laevigata)
Fiona Parker, Mark Davidson, Kylie Freeman, Sam Hair And Sabine Daume 
Department of Fisheries, Research Division, PO Box 20, North Beach, WA 6920, Australia
5.1  Introduction
Benthic diatoms are the major food source for juvenile abalone, up to 5 mm in shell length, after 
which they move onto a diet of macroalgae (Kawamura et al. 1995). During the early stages 
of development, juvenile abalone require high quality benthic diatoms that provide adequate 
nutrition for growth and survival (Wang et al. 1997, Daume & Ryan 2004). 
Diatom biofilms are developed either by inoculating settlement plates with cultured strains, or 
by relying on the natural seawater source to provide colonising microalgae. The latter, however, 
does not ensure a consistent supply of suitable diatom species for the abalone. There is a need 
to find alternative algal species, which can grow well under consistent grazing pressure and 
that provide adequate nutrition for juvenile growth and survival. Additionally, the tolerance of 
a diatom species to fluctuating culture conditions, including changes in temperature and light 
intensity will define its suitability as a food source for abalone aquaculture (Brown et al. 1997). 
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Commercial abalone hatcheries provide natural or artificial light sources for the development 
and maintenance of diatom cultures (Searcy-Bernal et al. 200). Light intensity in a hatchery 
can be manipulated by shading tanks, however the optimal light intensity range for maintaining 
an adequate food source for the growing abalone needs to be determined in order to maximise 
growth and minimise time and costs associated with the culture of the microalgal species. 
The conditions under which diatoms are cultured play an important role in the suitability of a 
diatom species as abalone food. For example, light and temperature can affect the biochemical 
composition of the diatoms and thus their nutritional value to juvenile abalone (Brown et al. 
1997, Watson et al. 2004). The transition of feed sources, from a smaller cell size to a larger cell 
size, can often be marked by high mortality in culture systems. Co-culture of two or more diatom 
species may be of benefit to early juvenile culture, providing a selection of diatom species with 
different cell sizes and nutritional value (biochemical composition) at the same time. They may 
also decrease mortality and size variability because a large size range of animals is usually 
present on plates at the same time, requiring different feed sizes. 
The diatom Achnanthes longipes (Agardh) consists of a D growth form and may provide more 
biomass with a more continuous food source for the grazing juveniles. The solitary cells of A. 
longipes attach to the substratum with a mucous thread. Initial tests showed that this diatom 
species is fast growing and suitable for culture on plates. Kawamura et al. (1995) reported 
growth rates of 48 µm day-1 of Haliotis discus hannai (Ino) juveniles (1-2 mm in shell length) 
when fed A. longipes. More recently Takami et al. (200) found that juveniles (2.8-2.9 mm in 
shell length) grew at 100 µm day-1 on this diatom species. However, these studies have not yet 
been directly compared to commercial scale abalone nursery culture.
In this study, a series of laboratory trials were conducted to investigate the optimal culture 
conditions of three benthic diatoms, Cocconeis sublittoralis Hendey, Achnanthes longipes and 
Navicula cf. jeffreyi. The growth response of A. longipes and C. sublittoralis to varied levels of 
light and temperature was explored. C. sublittoralis and N. cf. jeffreyi were cultured together 
and in monoculture to assess species specific interactions and their effect on cell density and 
biomass of each species.  In addition, the biochemical composition of the diatoms was analysed. 
These diatom species were assessed for their suitability as a feed source for juvenile greenlip 
abalone (Haliotis laevigata, Donovan) (4.07 ± 0.08 mm shell length) in a commercial scale 
nursery culture system. 
5.2  Material and methods
Location
Laboratory experiments were conducted at the Fremantle Maritime Training Centre, Fremantle, 
Western Australia. The commercial scale trial was conducted at Great Southern Marine 
Hatcheries, Albany, Western Australia. The commercial trial was run for 24 weeks with the 
final diatom counts done at 23 weeks.
Diatom stock culture and cell volume
Stock cultures for all diatom species, Cocconeis sublittoralis, Achnanthes longipes, Navicula cf. 
jeffreyi and Delphineis sp. were grown in sterile 50 mL culture flasks with 25 mL of f/2 media 
(Guillard and Ryther 1962). Diatom cell volume was determined by measuring the length and 
width of 6 cells per species using an inverted microscope. The cell volume was then calculated 
using the following formula:
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Laboratory scale diatom culture 
Stock cultures of C. sublittoralis, N. cf. jeffreyi and Delphineis sp.were held in a constant 
temperature room at 18 ± 1°C and A. longipes at 24 ± 1°C. Stock cultures were used to inoculate 
(1 mL) experimental cultures. 
Aquarium scale diatom culture
Monospecific diatom strains of the species N. cf. jeffreyi, C. sublittoralis and Delphineis sp. 
were scaled up from 50 mL culture flasks to 200 mL culture bags, and then transferred to 1.5 L 
culture bags. After two weeks of diatom growth each of the 45L aquarium was inoculated with 
one of the 1.5 l culture bags. Empty culture bags were refilled and allowed to grow for another 
two weeks, after which they were used to inoculate tanks again. Bags were then disposed of 
and new bags were cultured for the next inoculation. 2.7g of MAF (Microalgal Food, Manutec, 
South Australia) was dissolved in seawater and added to each aquaria to provide a nutrient source 
for the diatoms. Aeration was reduced for 24 hrs after each inoculation to allow attachment of 
the diatoms to the plates. Aquaria were cleaned and siphoned every 2 days to remove diatom 
growth from glass walls, to ensure diatoms were concentrated onto plates.
Commercial scale diatom culture 
Monospecific diatom strains of the species N. cf. jeffreyi, C. sublittoralis and A. longipes were 
scaled up from 50 mL culture flasks to 200 mL culture bags, and then transferred to 1.5 L culture 
bags. 1.5 L culture bags were then used to inoculate 60 L culture bags. All cultures were laid 
horizontally on benches in a constant temperature room at 18 ± 1°C. Large bags were then used 
to inoculate round shallow tanks (120 L), these tanks were held outdoors under clear Perspex 
roofing to provide natural light. Seawater for larger cultures was sterilised by chlorination/
dechlorination. Nutrients for 50 mL cultures and 200 mL culture bags were supplied as f/2 media 
(Guillard and Ryther 1962) and Microalgae food (MAF, Manutech, Port Lincoln, Australia) 
was added to the larger cultures at a concentration of 0 g 1000 L-1. Nursery tanks were initially 
inoculated every week with 15 L of diatom culture (per species), and supplied with nutrients. 
Tanks remained static with very low aeration for 24hrs following each inoculation. After the 
first 6 weeks tanks were inoculated fortnightly due to problems with maintaining dense diatom 
cultures outdoors as the temperature and light levels decreased. Additionally, settlement plates 
were flipped every fortnight to ensure more consistent coverage of diatoms over the plates. 
Laboratory experiments
1. Cocconeis sublittoralis  
C. sublittoralis was isolated from local ocean waters in Fremantle, Western Australia. This 
species was cultured under two light intensities, shaded (80 ± 80 lux) and unshaded (1,217 
±15 lux), and two temperature regimes, low (18°C ± 0.5) and high (25°C ± 0.5). Each 
treatment combination was replicated four times (total of 16 cultures). For each temperature a 
flow through water bath was set up to maintain constant temperatures. The light source was a 
36W fluorescent cool white light placed underneath the water baths. 
2. Achnanthes longipes  
A. longipes was isolated from local ocean waters in Albany, Western Australia. Part A: Two 
light intensities, shaded (256 ± 14 lux) and unshaded (1,412 ± 21 lux) and two temperatures, 
high (25°C) and low (18°C).
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Part B: Two light intensities, shaded (891 ± 4 lux) and unshaded (4,404 ± 78 lux), and two 
temperature regimes, low (18 ± 0.07°C) and high (25 ± 0.0°C). 
For each temperature a flow through water bath was set up to maintain constant temperatures. 
Culture flasks were placed on weighted racks within the water baths. One of the water baths 
received heated water from a sump containing a heater and a pump. The other received water 
at room temperature. The room was chilled by an air conditioner. Light was provided by two 
fluorescent cool white globes hanging above the water baths, with a photoperiod of 12 L: 12 D. 
Each of the treatment combinations was replicated four times (total of 16 cultures).
3. Co-culture of Cocconeis sublittoralis and Navicula cf. jeffreyi  
Three treatment combinations, single cultures of C. sublittoralis and N. cf. jeffreyi and combined 
cultures of both species were replicated four times. Each was inoculated with 1.5 mL of stock 
culture. All cultures were held in a controlled temperature room at 18 ± 1°C at 1,400 ± 20 lux. 
After one week the f/2 medium (Guillard and Ryther 1962) was replaced every 2- days (after 
every cell count) to prevent any nutrient deficiencies during the growing period.
Aquarium scale experiment
Nine aquaria were filled with 45L of seawater (marine bore) and each tank was equipped with 
a rack holding 10 plateletts (150 x 200 mm). Each rack held two airlines running parallel to 
the settlement plates (Figure 5.1). Three replicate tanks were used for each species and these 
were randomly assigned. Spray bars were installed above the aquaria supplying seawater at a 
flow rate of 4 Lmin-1. Light was provided by fluorescent tubes (cool white) installed above each 
aquarium. 
Juvenile greenlip abalone, Haliotis laevigata, with a mean weight of 0.07 g ± 0.002 and a 
mean length of 4.8 ± 0.14 mm were obtained from Great Southern Marine Hatcheries, Albany. 
Each tank was stocked with 80 juvenile abalone (Haliotis laevigata). Animals were placed 
onto a clean plate on top of the rack to allow them to move off the clean plate and onto the 
diatom covered plates overnight. The experiment ran for 72 days. Seawater temperature, pH 
and dissolved oxygen were monitored throughout the trial and the light intensity at the tank 
surface was recorded.
Commercial scale nursery trial
Experimental nursery tanks (90 L) equipped with  baskets holding 20 plates (600 x 00 
mm) each were used. Removable platelets (120 x 170 mm) were fastened to the centre of 6 
settlement plates (per tank) and used to determine diatom density. Filtered seawater (1 µm) was 
supplied by a spray bar at a constant rate of 6 L per minute. Each tank held three airlines running 
parallel to the plates. Tanks were positioned in a semi-enclosed area with clear Perspex roofing 
and walls providing natural light to the tanks. Treatments were randomly assigned to three tanks 
each. Tanks were stocked with 2,400 juvenile abalone (Haliotis laevigata) (40 juveniles per 
plate) (4.07 ± 0.08 mm shell length).
Laboratory scale measurements
Cell density was estimated by counting cells directly under an inverted microscope 
(C. sublittoralis at 200 x magnification in 20 fields of view; A. longipes at 400 x magnification 
in 10 fields of view; Co-culture of C. sublittoralis and N. cf. jeffreyi was determined from 10 
fields of view at 400 x magnification). The number of diatom cells cm-2 was then calculated. 
Diatom cell size was determined by measuring 6 cells per species on an inverted microscope. 
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The cell length and width was then used to determined cell volume. Specific growth rates were 
calculated using the following formula:
daysofnumbercountcellinitialcountcellfinaldayrategrowthSpecific /))(ln()(ln(100)(% 1 −×=−
Commercial and aquarium scale measurements
Platelets were removed regularly (prior to inoculations) and diatom density determined using 
an inverted microscope at 400 X in 10 random fields of view. The number of diatom cells 
cm–2 was calculated. At both the beginning and end of the trial the shell length and weight of 
80 juveniles per aquarium and 200 juveniles per tank was recorded, animals were weighed in 
subsets of 50 animals in the commercial scale trial. Each fortnight 10 or 50 randomly selected 
animals from each of the aquaria or tanks were measured respectively (shell length). Specific 
growth rates were calculated using the following formula:
daysofnumberlengthshellinitiallengthshellfinaldayrategrowthSpecific /))(ln()(ln(100)(% 1 −×=−  
Biochemical analysis of Diatoms
Eight tissue culture flasks per diatom species were prepared for biochemical analysis. The 
flasks contained 15 mL of f/2 medium and were inoculated with 1 mL of diatom stock solution. 
Following inoculation the flasks were stored within a constant temperature growth cabinet at 
18 ± 1°C, on a 12 h L: D cycle at 796 ± 19.9 lux for 12 days.   Total protein, lipid, carbohydrate 
and ash contents in the three diatom species were determined at each cultures stationary phase. 
Each sample was filtered through 25 mm Whatman GF/C glass microfibre filters. In order to 
rupture diatom cells, all samples were homogenised with a mortar and pestle prior to assays. 
Protein determination
Total soluble protein was measured using a modified Lowry method based on Dorsey et al. 
(1978) and adapted by Mercz (1994) and Buttery (2000). Bovine serum albumin (BSA) was 
used as the protein standard. Soluble protein was extracted by heating the sample at 100°C 
in a Biuret solution for 60 min. Following incubation, 0.5 mL of Folin phenol reagent was 
added. The absorbance of the supernatant was read at 660 nm with a Cary 50 Probe UV-visible 
spectrophotometer (Varian Inc.). 
Carbohydrate determination
Total soluble carbohydrate was determined using the phenol-sulfuric acid method of Kochert 
(1978) and Ben-Amotz et al. (1985) incorporating the modifications of Mercz (1994) and 
Buttery (2000). The samples were homogenised in 1 M H2SO4 and after heating at 100°C for 
60 min, 0. mL of the supernatant was transferred into a fresh vial and made up to 2 mL with 
deionised water. Sets of glucose standards were prepared and 1 mL of 5% (w/v) phenol solution 
was added to all samples, after which, 5 mL of concentrated H2SO4 was added. Absorbance 
was read at 485 nm. 
Lipid determination
The total lipid determination was based on the method of Bligh and Dyer (1959) as modified by 
Kates and Volcani (1966) and adapted by Mercz (1994) and Buttery (2000) using a methanol:
chloroform:deionised water (2:1:0.8, v/v/v) solution. The vials were dried under a stream 
of ultra pure N2 gas and placed in a vacuum desiccator over silica gel overnight and then 
weighed.     
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Ash Determination
Total ash weights were determined by following the methods of Mercz (1994) and Buttery 
(2000). The glass microfiber filter papers were placed within crucibles before being combusted 
at 475 °C for 24h. Following combustion the samples were weighed to 5 decimal places and 
total ash was calculated by subtracting the initial filter paper weight.  
Light and temperature
The light intensity was measured using a Lutron LX-10 light meter. Light was measured in 
units of lux. All measurements were multiplied by a correction factor (1.20) for fluorescent 
lighting. Temperature was measured using submersible temperature loggers (eTemperature 
Version 2.04). 
Statistical analysis 
All data analyses were carried out using Statistica software (version 6.0. StatSoft, Inc. 2002). 
Normality of all data was checked graphically using histograms and with the Kolmogorov-
Smirnov test. Homogeneity of variances was tested using the Levene test. 
Laboratory experiments
Comparisons of C. sublittoralis cell density over time were done using repeated measures 
analysis of variance (ANOVA) followed by Tukey’s post hoc comparisons. Specific growth 
rate comparisons were analysed using one-way ANOVA and Tukey’s post hoc comparisons. 
Between days 4 and 6 the low temperature shaded data was not included in the analysis as all 
data were negative and therefore there was no growth. 
Growth data of A. longipes did not conform to assumptions of normality or homogeneity of 
variances. To determine whether the initial density of diatoms was significantly different within 
Part A and Part B a Kruskal-Wallis test was performed. Where appropriate, one-way ANOVA 
or Kruskal-Wallis test was used to determine significant differences in growth between the 
treatments and followed by Tukey’s post hoc comparisons. For both part A and B comparisons 
of specific growth rate over time were carried out using repeated measures ANOVA and Tukey’s 
post hoc comparisons. Comparisons of specific growth rate over the whole period were tested 
using one-way ANOVA with Tukey’s post hoc comparisons. Cell density over time and specific 
growth rate in the co-culture experiment were compared using repeated measures analysis of 
variance (ANOVA) followed by Tukey’s post hoc comparisons. Cell density data was square 
root transformed to meet the assumptions of normality and homogeneity of variances.  Analysis 
of biomass data was done using repeated measures ANOVA and one-way ANOVA where 
appropriate.
Commercial and aquarium scale trial
Where appropriate, one-way ANOVA was used to determine significant differences in growth 
between the diet treatments, followed by Tukey’s post hoc comparisons.
Biochemical analysis 
Lipid data were log transformed. One-way ANOVA was used to determine significant differences 
in levels of protein, carbohydrate and lipid, followed by Tukey’s post hoc comparisons.
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5.3  Results
Laboratory experiments  
The cell length and width of the diatoms used in this study were different between the species 
of diatoms (Table 5.1) resulting in different cell volumes.  Navicula cf. jeffreyi and Delphineis 
sp. have a smaller cell volume than Cocconeis sublittoralis or Achnanthes longipes. 
Cocconeis sublittoralis
There was a significant difference in cell density between the growing conditions (df = 3, 
F = 5.77, p = 0.01) and the measurements over time (df = 2, F = 40.21, p <0.001). The 
cell density of C. sublittoralis increased faster in the lower temperature (18°C) and shaded 
treatment (80 lux) but then decreased between 4 and 6 days (Figure 5.2). Two and four days 
after inoculation the cell density was highest in the lower temperature and shaded treatment 
combination compared to both unshaded treatments (post-hoc p = 0.04, p = 0.01 for lower and 
higher temperature respectively). At day 6 there was no significant difference in cell density 
between the treatments (df = , F = 0.51, p = 0.68). 
Specific growth rates were highest in the low temperature unshaded treatment between 2 and 4 
days and in high temperature unshaded treatment between 4 and 6 days (Table 5.2).
Specific growth rates between days 2 and 4 were not significantly different (F, 12 = 1.08, p 
= 0.9), however between days 4 and 6 both unshaded treatments (high and low temperature) 
were significantly higher than the high temperature shaded treatment (F2, 9 = 7.51, p = 0.012). 
Specific growth rates were highly variable between replicates in both the shaded treatments 
after 4 days (Table 5.2). 
Achnanthes longipes
Throughout both trials A. longipes maintained a higher mean cell density in unshaded (1412 and 
4404 lux) than in shaded (256 and 891 lux) culture flasks (Figure 5.3A & 5.3B, respectively). 
In the first experiment (Part A) the initial starting density (measured at day 4) was not significantly 
different between any of the treatments (χ2 () = 6.25, p = 0.1). In both shaded treatments 
(high and low temperature) the cell density was low throughout the experiment. In contrast, 
in both unshaded treatments (high and low temperature) the cell density continued to increase 
as the trial progressed. The unshaded treatments were significantly different from the shaded 
treatments at day 11 (χ2 () = 12.17, p = 0.007), day 15 (χ2 () = 11.54, p = 0.009), and at day 
18 (χ2 (3) = 11.54, p = 0.0092). Specific growth rates (SGR) were significantly different over 
time (df = 12, F = .86, p < 0.001). Over the whole experiment, from day 4 to 18, the SGR was 
significantly higher in the high temperature unshaded treatment (54.61 ± 9.54% cells day –1 ± 
S.E.) than in both the shaded treatments (high temperature 12.61 ± 12.10 and low temperature 
0.7 ± 8.7% cells day –1 ± S.E) (df = , F = 8.4, p = 0.002). Although cell density increased 
up to day 18 (Figure 5.A), the SGR was highest between days 8 and 11 (24.9 ± 4.50% cells 
day –1 ± S.E.), suggesting that growth is slowing after this time. 
Part B: Overall, at lower temperature (18°C) the cell density was highest at intermediate light 
intensity (1412 lux) whereas at higher temperature (25°C) the cell density was similar in 
intermediate (1412 lux) and highest light intensity (4404 lux) but decreased between 15 and 
19 days in the highest light treatment. The number of cells in the high temperature unshaded 
treatment was significantly higher than in all other treatments (Figure 5.3B), (χ2() = 8.06, 
p = 0.045) throughout the experiment. After 15 and 19 days the density of A. longipes was 
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significantly higher in both unshaded treatments compared to the shaded treatments (χ2() = 
11.53, p = 0.009). The SGR was significantly different between treatments over time (df = 12, F 
= 4.69, p < 0.001). Between days 5 and 8, the SGR in the low temperature unshaded treatment 
(.44 ± 2.82% cells day –1 ± S.E.) was significantly higher than in the high temperature shaded 
treatment where the SGR was negative. Between day 8 and 12, and 12 and 15 there was no 
significant difference in specific growth rates between treatments. The SGR between days 15 
and 19 was significantly higher in the high temperature shaded treatment (20.69 ± 6.58% cells 
day –1 ± S.E.) than in the high temperature unshaded treatment, where cell density decreased 
(Figure 5.B).
Cocconeis sublittoralis and Navicula cf. jeffreyi
The cell density of N. cf. jeffreyi was significantly higher throughout the experiment when grown 
separately compared to the combined culture (df = , F = 56.6, p < 0.001). In contrast, the 
cell density of C. sublittoralis in separate culture was only higher at the start of the experiment 
(Table 5.). After 2 days, the cell density of C. sublittoralis increased in the combination 
treatment, particularly between 28 and 0 days, however the density of N. cf. jeffreyi decreased 
after 0 days (Table 5.). N. cf. jeffreyi is small with a volume of 66.71 ± 85.50 µm (Table 
5.1). C. sublittoralis is substantially larger with a cell volume of 2018.52 ± 281.19 µm (Table 
5.1). At day 2 the biomass of N. cf. jeffreyi was significantly lower than C. sublittoralis in both 
the single (F6,1 = 8.81, p = 0.0 One way ANOVA) and mixed cultures (F6,1 = 12.82, p = 0.01 
One way ANOVA). There was a significant effect of treatment (df = 3, F = 19.91, p < 0.001) and 
days (df = 10, F = 4.14, p < 0.001) for specific growth rates.  N. cf. jeffreyi biomass did not differ 
significantly over time when grown in monoculture or mixed culture with C. sublittoralis (F6,1 
= 5. 47, p = 0.2 One way ANOVA). This was also true for C. sublittoralis (F6,1 = 50.24, p = 
0.11 One way ANOVA). The SGR in the single N. cf. jeffreyi culture was highest between days 
24 to 26 whilst the single culture of C. sublittoralis was highest between days 26 to 29 (Table 
5.). In the combined cultures the SGR of N. cf. jeffreyi was highest between days 19 and 22 
(6.0 ± .72% cells day –1) whilst the SGR of C. sublittoralis did not peak until between days 
29 to 1 (7.86 ± 9.51% cells day –1) (Table 5.).
Biochemical analysis 
N. cf. jeffreyi had a significantly higher percentage of protein (F2,12 = 8.84, p = 0.01) than the 
other two species (Table 5.4). Carbohydrate levels were not significantly different (F2,6 = 0.09, 
p = 0.91) however lipid was significantly higher in A. longipes (F2,6 = 8.02, p = 0.00) (Table 
5.4). Ash content was highest in N. cf. jeffreyi (25.82 ± 2.75%) however was not statistically 
analysed due to lack of replicates. 
Aquarium scale experiment  
After 4 weeks, juveniles feeding on Cocconeis sp. were significantly larger than juveniles feeding 
on the other two species (p<0.05). Growth rates averaged 66 µm day-1 on Cocconeis sp. and 46 µm 
day-1 and 7 µm day-1 on Navicula sp. and Delphineis sp. respectively. Specific growth rates averaged 
0.7%/d on Cocconeis sp. and 0.59 and 0.54 on Navicula sp. and Delphineis sp. respectively.
Throughout the trial the average pH and dissolved oxygen was 7.76 ± 0.00 and 6.79 ± 0.07, 
respectively. The average lux at the water surface was 2,852 ± 177.6. 
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Diatom biomass and density estimates
The cell volume of N. cf. jeffreyi is 66.71 ± 85.50 µm and Delphineis sp. is 466.7 ± 
5.82  µm whereas C. sublittoralis is substantially larger with a cell volume of 2018.52 ± 
281.19 µm (Table 5.1). Therefore the cell density of N. cf. jeffreyi and Delphineis sp. must 
be around 4 times as high to achieve similar biomass than the other species. The density of C. 
sublittoralis increased over time whilst N. cf. jeffreyi and Delphineis sp. decreased in density 
from the beginning of the experiment (Figure 5.4). The cell density of C. sublittoralis was 
significantly higher than that of the other two species at 39 days (post hoc, p<0.05).
Commercial scale abalone nursery trial
Juvenile abalone feeding on N. cf. jeffreyi and A. longipes reached a shell length of only 9.99 ± 
.52 and 9.49 ± .21 mm, respectively, in nursery tanks after 24 weeks. However, shell length 
reached 10.71 ± .58 and 10.42 ± .71 mm in the C. sublittoralis and mixed diatom treatments, 
respectively. Overall specific growth rates (SGR Length as % day-1) were highest in the mixed 
culture, however they did not differ significantly (F, 8 = 0.45, p =0.7) (Table 5.5). There was 
also no significant difference in daily growth (F, 8 = 0.46, p =0.0.72), weight gain (F, 8 = 
0.57, p =0.65) or survival (F, 8 = 0.46, p =0.72) over the four diatom treatments (Table 5.6). 
Mortality was highest during the first months (20 ± 1.8%) but similar in all treatments and 
dropped to less than 1% after the first month.
Diatom biomass and density estimates
The cell volume of N. cf. jeffreyi is 66 µm whereas C. sublittoralis and A. longipes are 
substantially larger with a cell volume of 20,18 µm and 96,874 µm, respectively (Table 1). 
Therefore the cell density of N. cf. jeffreyi must be around 4-7 times as high to achieve similar 
biomass than the other two species. In addition, A. longipes also consist of a mucus thread that 
can contribute to the food biomass. Throughout the trial, density of the diatom N. cf. jeffreyi in 
both single and mixed culture was highest. All diatom species peaked in density and biomass 
between weeks 4 and 7 and all diatom treatments declined in density and biomass after week 
15 or 18. Overall the density of N. cf. jeffreyi in the single species culture peaked at 68 x 10 
cells cm-2 at the beginning of the experiment and density was lowest at week 12 (28 x 10 cells 
cm-2), biomass (17.1 ± 4. x 106 µm cm-2) was also low due to the small cell size (Table 5.6). 
C. sublittoralis peaked in cell density at week 4 (0 x 10  cells cm-2) and was lowest at the 
beginning of the experiment (11 x 10  cells cm-2), whereas biomass was still high (27.1 ± 8.6 
x 106 µm cm-2) due to the high cell volume. Density of A. longipes was low in the first week 
of the experiment ( x 10 cells cm-2) and increased to a maximum of only 15 x 10 cells cm-2 
in week 7, whereas biomass was 58.9 ± 1 x 106 µm cm-2 due to the large cell volume. In the 
mix diatom treatment, both N. cf. jeffreyi and A. longipes peaked in cell density at week 7, (68 
x 10 and 15 x 10 cells cm-2, respectively) whilst C. sublittoralis was highest at week 4 (24 x 
10 cells cm-2). 
After 4 weeks, the biomass of diatoms was highest in the mix treatment, due to an increase in 
the density of N. cf. jeffreyi, C. sublittoralis and A. longipes (Table 5.6), reaching 625 ±  x 
106 µm cm-2 at week 7. Although cell density of N. cf. jeffreyi was higher (68 x 10 cells cm-2) 
than C. sublittoralis (16 x 10 cells cm-2) and A. longipes (15 x 10 cells cm-2) at this time, the 
large cell volume of the later two species suggests they were more likely contributing to the 
large biomass than N. cf. jeffreyi.
After 15 weeks the green alga Ulvella lens Crouch started appearing on the plates in all treatments 
and probably also contributed as a food source. U. lens showed a slightly higher cover in the 
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N. cf. jeffreyi and mixed diatom treatment at 18 weeks, 1.72%  and 1.06% respectively. 
U. lens was only able to colonise the plates when the diatom density had declined. 
Temperature and light
The average seawater temperature within the nursery tanks declined over the 24 week trial 
period (Figure 5.5). Light levels were measured throughout June and July and ranged from 
16,6 ± 2,812 lux in June to 2,928 ± 426 lux in July (Figure 5.). Light was highly variable 
over days as well as tanks. Although light was not measured over February through to May it is 
assumed that this variability would be more pronounced during the sunnier months of February 
and March. 
5.4  Discussion
Laboratory experiments  
Cocconeis sublittoralis
Results indicate that Cocconeis sublittoralis can grow well under both low (80 lux) and high 
light (1,217 lux) conditions and varied temperature levels (18 or 25°C), which suggests this 
species is well suited to the changing light conditions in nursery tanks on vertical plates. Mean 
cell density increased faster and was highest in the low temperature (18°C) and shaded (80 
lux) treatment after which specific growth rate declined. There was no growth in the low light 
treatments at the end of the experiment, and cells also became dislodged due to high cell density 
particularly in the later treatment. In order to promote the growth of C. sublittoralis and to 
maintain maximum biomass on the plates, tanks should be shaded heavily in the high light 
nursery environment. 
Achnanthes longipes
The final cell density was highest at intermediate light intensity at 1,412 lux (Part A) both at low 
and high temperatures (18 and 25°C) suggesting that the growth of Achnanthes longipes was 
more influenced by light than by the temperature levels. 
Since light intensity controls the light reaction of photosynthesis (Valiela 1984), the light 
intensity may have limited the rate of photosynthesis resulting in reduced growth rates. In Part 
B, the density of A. longipes in the high temperature unshaded treatment decreased after 15 
days (Figure 5.) suggesting that A. longipes may have been light saturated or nutrient limited. 
Lewis et al. (2002) found growth of A. longipes to be light saturated at 60 µmol photons m-2s-1. 
This is equivalent to 4,440 lux, using the conversion factor provided in Langhans and Tibbitts 
(1997). This same author reported an optimal temperature for maximum growth as 26°C, at 
higher temperatures the growth rate of A. longipes dropped considerably. The effect of higher 
temperature (above 24°C) on growth of the A. longipes strain used in this study requires further 
investigation but is unlikely to be important for temperate abalone nurseries which record 
maximum temperatures of around 22-24°C.
Co-culture of Cocconeis sublittoralis and Navicula cf. jeffreyi
Medium changes and thus nutrient replenishments were carried out three times a week post 
cell density estimates, which accounted for the fluctuations in cell density. Medium changes 
also resulted in some loss of cells that were not as tightly attached (eg. older cultures release 
small biofilm patches into the water column), due to discarding old medium and refilling with 
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new medium. However medium changes ensured that growth did not become limited by the 
availability of nutrients and was supposed to mimic nutrient addition in nursery tanks. Navicula 
cf. jeffreyi responded very quickly to nutrient addition whereas growth of C. sublittoralis stayed 
fairly constant. C. sublittoralis can grow well under lower light condition and will eventually 
outcompete an early coloniser like N. cf. jeffreyi which was present at much higher cell density 
at the start of the experiment. These results indicate that C. sublittoralis may be a suitable diatom 
species for commercial abalone nurseries where shading is often necessary to manipulate the 
species composition and density of microalgae in the tanks and to provide a better environment 
for the photophobic juveniles. 
Biochemical analysis
Although significant differences were found in biochemical composition between the three 
diatom species there was no significant difference in growth, which suggests food biomass may 
be more important. However, juveniles reached a shell length of 10.42 ± .71 mm in the mixed 
diatom treatment and overall the specific growth rate was highest in the mixed culture. Mixed 
algal diets may provide a better balance of nutrients, if one or more diatom species are lacking 
in key nutrients needed for growth (Brown et al. 1997). N. cf. jeffreyi contained a significantly 
higher percentage of protein (24.69 ± .0%) than the other two diatom species. The optimal 
level of protein in an abalone diet depends on the species, however optimal levels have been 
reported to range from 20 to 35% (Uki & Watanabe 1992, Mai et al. 1995, Britz & Hecht 1997, 
Coote et al. 2000). The levels of lipid found in the three diatom species are much higher than the 
reported optimum (-5%) (Mai et al. 1995). Additionally, high levels of lipids (≥5%) are thought 
to be detrimental to growth of abalone (Thongrod et al., 200), as in other marine herbivores. 
The previous studies were conducted with larger juveniles (10 + mm), whereas the juveniles 
used in this study were smaller (4.07 ± 0.08 mm) and thus are likely to have different nutritional 
requirements. However, high levels of carbohydrates (5-0%) are thought to enhance growth 
of abalone (Mercer et al. 199; Renaud et al. 1999). The time at which diatoms are harvested 
as well as their culture conditions can affect the biochemical composition (Brown et al. 199), 
in the case of this experiment diatoms were harvested during the stationary phase and all three 
diatom species were cultured under the same conditions (light, temperature and nutrients).
Aquarium scale experiment  
Results indicate that the feed consisting of the chain-forming diatom, Delphineis sp., did not 
provide any growth advantage for juvenile abalone. However, growth-rates achieved on the 
new isolate C. sublittoralis were promising and the commercial scale experiment was therefore 
conducted with this species. It is very difficult to achieve similar starting densities with these 
three species due to their difference in physical structure and size, which was also apparent in 
the commercial scale trial.
Commercial scale trial
Overall specific growth rates and weight gain were highest in the mixed treatment and diatom 
biomass was highest in this treatment from week four onwards. Although N. cf. jeffreyi displayed 
good growth and high cell density counts, the biomass was not high due to the small cell 
volume of this species. Therefore using solely density estimates to compare diatom species as a 
food source for juvenile abalone can be misleading especially so when the diatoms have greatly 
different cell sizes. Although cell size of diatoms and thus volume may change over time, the 
estimates of cell volume in this trial were run simultaneously with the commercial trial so it 
is assumed that differences in cell sizes within the same species would be minimal. Diatom 
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biomass decreased after week 18 (Table 5.6) at which time temperature and light intensity 
(Figure 5.5) also declined, most likely influencing the decline in juvenile growth. 
The first drop in diatom biomass occurred at week 12 which most likely resulted in a delayed 
growth response in the juvenile abalone at week 15. Therefore in cooler months when temperature 
and light are at their lowest, it may be difficult to maintain juveniles on diatom feeds only 
and weaning onto formulated feed or supplementing with other algal feeds may be required. 
Initially tanks were inoculated every week (first 6 weeks) however as the light levels declined 
maintaining dense outdoor cultures (last stage of scale up culture method) became limiting.  
From the laboratory scale studies, it appears that growth of A. longipes is more influenced by 
light than by temperature and thus as the experiment progressed the declining light levels may 
have limited growth. C. sublittoralis was growing well under low light conditions which may 
account for this species maintaining a relatively high biomass between weeks 15 and 2, when 
natural light was declining in the commercial scale, whilst the biomass of the other treatments 
declined (Table 5.5). Similarly, Watson et al. (2004) found growth of Cocconeis sp. was not 
inhibited at a low light intensity (80 lux). As well, Cocconeis spp. are considered to be dominant 
in subtidal regions, rather than well lit intertidal regions (Round 1971). Recently Takami et al. 
(200) reported very promising growth rates of up to 100 µm day-1 for juvenile Haliotis discus 
hannai (2.9 mm in shell length) feeding on A. longipes, however this trial was only conducted for 
10 days. The strain of A. longipes used in this study was a large strain (7.64 ± 4.66 µm length, 
46.90 ± 5.58 µm width), which suggests that this strain may not be suitable for smaller post larval 
abalone. On the other hand, because a large size range of animals is usually present on plates at 
the same time, requiring different feed sizes, the use of different species or different strains of the 
one species at the same time may be more beneficial than monoculture in the nursery. 
In the commercial scale trial, cell density and biomass of N. cf. jeffreyi peaked at the start of 
the experiment and then reduced within the first 2 weeks, possibly due to grazing pressure. 
In the mixed treatment, biomass of N. cf. jeffreyi dropped following a peak in biomass of 
C. sublittoralis between weeks 7 and 12, a similar trend was found in the small scale co-culture 
experiment although there was no grazing pressure (no abalone), indicating that this trend is not 
just due to selective grazing pressure and instead N. cf. jeffreyi appears to be an early coloniser 
whilst C. sublittoralis takes a few weeks to establish itself, but will eventually out compete N. 
cf. jeffreyi. 
Overall, juveniles up to 8 mm in shell length can be maintained on a diatom diet, with a 
mixed species diet, where feed is provided in a range of cell sizes, after which weaning onto 
formulated feed may provide a growth advantage. Juveniles feeding on the mixed diet had 
the highest specific growth rate and weight gain over the experiment, compared to the other 
treatments, although it was not significant. In low temperature and low light conditions, it may 
prove difficult to maintain sufficient biomass of diatoms on plates. However, C. sublittoralis 
appears to be more suited to these conditions although supplementing juveniles with other algal 
feeds may be necessary. 
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Figure 5.1.  Aquarium with experimental basket and 10 platelets (150 x 200 mm).
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Figure 5.2.  Cell density of Cocconeis sublittoralis (cells cm-2 ± S.E.) at 2, 4 and 6 days after  
inoculation when growing at four treatment combinations (2 temperatures x 2 light 
intensities) (n=4).
Fisheries Research Contract Report [Western Australia] No. 16, 2007 81
0
1000
2000
3000
4000
5000
6000
7000
8000
9000 4 days
8 days
11 days
15 days
18 days
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
Treatments
Ac
hn
an
th
es
 lo
ng
ip
es
 c
el
ls
 c
m
-2
5 days
8 days
12 days
15 days
19 days
 18
°C,
 89
1 l
ux
18
°C,
 44
04
lux
 25
°C,
 89
1 l
ux
 
  2
5°C
, 4
40
4 l
ux
18
°C,
 25
6 l
ux
 
  1
8°C
, 1
41
2 l
ux
25
°C,
 25
6 l
ux
  2
5°C
 14
12
 lu
x 
A
B
Figure 5.3  A and B. Growth of Achnanthes longipes (cells cm-2 ± S.E.) over time when growing at 
four treatment combinations (2 temperatures x 2 light intensities) (n=4).
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Table 5.1.  Comparison of cell length, width and volume for Cocconeis sublittoralis, Achnanthes 
longipes, Navicula cf. jeffreyi and Delphineis sp. (n = 6). 
Diatom species Cell length
(µm)
Cell width
(µm)
Cell volume
(µm3/cell)
Cocconeis sublittoralis 48.66 ± 2.98 27.0 ± 1.72 2018.52 ± 281.19
Achnanthes longipes 7.64 ± 4.66 46.90 ± 5.58 96874.21 ± 26414.17
Navicula cf. jeffreyi 11.18 ± 0.82 7.56 ± 0.60 66.71 ± 85.50
Delphineis sp. 9.87 ± 0.4 9.21 ± 0.50 466.7 ± 5.82
Table 5.2.  Specific growth rate (% cells day-1 ± S.E.) of Cocconeis sublittoralis grown under four 
treatment combinations (2 temperatures x 2 light intensities) (n=4).
Treatment Day 2-4 Day 4-6
Low temperature shaded 2.60 ± 20.61 NG
Low temperature unshaded 47.21 ± 52.7 42.51 ± 28.57
High temperature shaded 26.6 ± 16.76 9.51*
High temperature unshaded 25.06 ± 12.6 57.71 ± 76.58
NG – no growth, cell density decreased
* Highly variable between replicates, some replicates with NG.
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Table 5.3.  Cell density (cells cm-2 ± S.E.) and biomass (µm3 cm-2 ± S.E.) of Navicula cf. jeffreyi 
and Cocconeis sublittoralis over a 36 day growing period when grown separately 
(monoculture) or together (mixed culture) (n=4).
   
T
re
at
m
en
t
D
ia
to
m
 
sp
ec
ie
s
D
ay
s
1
4
7
9
11
14
16
18
21
23
25
28
30
32
35
37
M
on
oc
ul
tu
re
D
en
si
ty
 
(x
 1
04
)
N
. c
f.
 
je
ffr
ey
i
18
.
 ±
2.
0
10
.0
 
± 1.
2
10
.7
 
± 1.
1
6.
7 
±
1.
1
8.
 
± 
1.
5
9.
6 
± 
1.
8
9.
4 
± 
1.
1
14
.4
 
± 2.
4
14
.1
 
± 2.
6
12
.0
 ±
2.
1
1
.2
 
± 1.
4
7.
0 ± 1.
2
12
.8
 ±
1.
5
7.
8 ± 1.
2
16
.9
 
± 1.
9
16
.1 ± 2.
1
B
io
m
as
s 
(x
 1
06
)
N
. c
f.
 
je
ffr
ey
i
67
.0
 
± 
.
9
7
.0 ± 2.
7
9
.5 ± 6.

24
.6 ± 1.
2

.7 ± 4.
9
5
.1 ± 5.
6
4
.5 ± .

52
.8 ± .
8
51
.9 ± 1.
9
4
.9 ± 5.
9
48
. ± 5.
0
25
.5 ± 2.
2
46
.9 ± 2.
7
28
.5 ± 1.
8
62
.0 ± 6.
6
59
.0 ± 5.
4
M
on
oc
ul
tu
re
D
en
si
ty
 
(x
 1
04
)
C
. 
su
bl
itt
or
al
is
6.
1 ± 1.
0
4.
5 ± 1.
0
4.
5 ± 1.
0
.
7 
± 
1.
1
.
7 
± 
1.
1
.
2 
± 
7.
7
.
8 
± 
1.
1
4.
1 ± 1.
1
4.
7 ± 1.
1
5.
1 ± 0.
9
4.
5 ± 1.
2
.
9 ± 1.
1
5.
2 ± 1.
2
5.
1
± 
1.
0
4.
5 ± 0.
7
4.
6 ± 0.
8
B
io
m
as
s 
(x
 1
06
)
C
. 
su
bl
itt
or
al
is
12
4
.
±
67
.9
90
4.
2
±
45
.7
90
4.
2
±
26
.4
74
2.
8
±
57
.5
75
0.
8
±
82
.7
65
 .
9
±
5
.4
75
8.
9
±
11
9.
7
82
 .
5
±
11
.
8
95
2.
7
±
15
0.
6
10

.4
±
1
2.
5
89
6.
1
±
10
8.
2
79
1.
2
±
65
.
10
49
.5
±
40
.6
10
25
.
±
85
.8
89
6.
1
±
59
.5
9
6.
5
±
4
.9
M
ix
ed
 
cu
lt
ur
e
D
en
si
ty
 
(x
 1
04
)
N
. c
f.
 
je
ffr
ey
i
12
.8
 ±
 
1.
5
6.
1 ± 1.

6.
 ± 1.
0
4.
6 
± 
9.
4
5.
1 
± 
9.
0
6.
5 
± 
1.
2
5.
2 
± 
9.
9
6.
5 ± 1.

7.
0 ±  1.
8
6.
  ± 1.

4.
1 ± 1.
0
.
7 ±  9.
5
.
7 ±  9.
6
.
5 ±  7.
8
2.
9 ± 8.
5
2.
5 ± 8.
5
B
io
m
as
s 
(x
 1
06
)
N
. c
f.
 
je
ffr
ey
i
47
.2

± 4.
7
22
.4 ± 4.
0
2
.1
8
± 4.
1
16
.9 ± 0.
8
18
.6 ± .
8
2 
.6 ± 4.
8
19
.0
7
± 1.
5
2
.6 ± 5.
6
25
.8 ± .
1
2 
.0 ± 4.
9
15
.1 ± .

1
.5 ±
1
.6
1
.6 ± 2.
4
12
.8 ± 2.
6
10
.7 ± 2.
8
9.
2 ± 1.

M
ix
ed
 
cu
lt
ur
e
D
en
si
ty
 
(x
 1
04
)
C
. 
su
bl
itt
or
al
is
2.
5 ± 0.

2.
2 
± 
0.
6
2.
6 
± 
0.
8
2.
0 
± 
0.
6
2.
2 
± 
0.
8
2.
4 
± 
0.
8
2.
9 
± 
0.
8
.
8 
±  
0.
8
4.
6 ± 0.
8
7.
0 ± 0.
8
4.
  ± 8.
1
4.
8 ± 0.
9
4.
9 ± 0.
9
.
4 ±  0.
8
.
4 ±  0.
6
.
4 ±  0.
5
B
io
m
as
s 
(x
 1
06
)
C
. 
su
bl
itt
or
al
is
51
6.
7
±
86
.5
44
4.
0
±
70
.2
52
4.
8
±
65
.1
41
1.
7
±
46
.4
4
6.
0
±
84
.9
48
4.
4
±
91
.
58
9.
4
±
62
.4
77
5.
0
±
15
6.
0
9
6.
5
±
10
4.
6
14
04
.8
±
6
.
8
88
0.
0
±
16
4.
9
97
6.
9
±
21
1.
1
99
 .
0
±
16
7.
0
68
6.
2
±
14
9.
4
69
4.

±
96
.4
67
8.
2
±
96
.9
Fisheries Research Contract Report [Western Australia] No. 16, 2007 85
Table 5.4.  Biochemical analysis of three benthic diatom species (% ± S.E.) (n = 8).
Species Protein Carbohydrate Lipid Ash
N. cf. jeffreyi 24.69 ± .0 25.64 ± 4.04 2.50 ± 0.0 25.82 ± 2.75
C. sublittoralis 15.76 ± 2.16 28.02 ± 7.81 21.97 ± 0.58 19.59 ± 0.14
A. longipes 11.60 ± 1.50 29.00 ± .64 0.99 ± 0.59 8.80 ± 5.90
Table 5.5.  Specific growth rates (SGR), daily growth, weight gain and survival of juvenile abalone 
feeding on different diatom diets over 24 weeks (n = 3, ± S.E.).
Diet SGR
 (% day –1)
Daily growth
(µm day –1)
Weight gain 
(g)
Survival
(%)
N. cf. jeffreyi 0.51 ± 0.06 4.21 ± 4.51 0.14 ± 0.02 65.80 ± 4.51
C. sublittoralis 0.55 ± 0.0 8.90 ± 2.50 0.14 ± 0.02 61.10 ± 2.50
A. longipes 0.54 ± 0.05 .94 ± 5.09 0.11 ± 0.0 66.06 ± 5.09
Mixed 0.58 ± 0.05 8.61 ± .29 0.15 ± 0.01 61.40 ± .0
Table 5.6.  Biomass (x 106 µm3 cm-2 ± S.E.) of diatom feed treatments throughout the experimental 
period (0 – 23 weeks). 
Species
Weeks
0 2 4 7 12 15 18 23
N. cf. jeffreyi
(µm cm-2 x 106)
25.0 
± 
6.1 
11.47
±
.2
11.87
±
2.4
14.5
±
2.5
10.4
±
2.6
21.7
±
.
12.5
±
2.8
11.
±
2.5
C. sublittoralis
(µm cm-2 x 106)
220.7
±
70.
26.5
±
108.6
604.6
±
110.
595.6
±
14.
0.2
±
47.9
292.4
±
44.2
42.8
±
7.4
18.6
±
71.6
A. longipes
(µm cm-2 x 106)
258.
±
148.0
895.5
±
177.0
1196.9
±
197.6
1472.5
±
25.1
602.8
±
114.6
852.5
±
176.6
465.0
±
76.8
516.7
±
8.6
Mixed 
(µm cm-2 x 106)
84.7
±
59.
197.7
±
147.9
886.2
±
486.5
625.0
±
.0
50.
±
177.
17.7
±
159.4
7.8
±
176.1
281.6
±
18.4
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6.0  Growth and survival of juvenile greenlip abalone 
(Haliotis laevigata) feeding on germlings of the 
macroalgae Ulva sp.
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6.1  Introduction
Currently in Australian commercial abalone nurseries, post-larvae are supplied with diatoms 
(e.g. Navicula cf. jeffreyi) and as they develop into juveniles they are provided with the crustose 
green alga Ulvella lens (Daume & Ryan 2004, Daume et al. 2004). U. lens has been shown to 
induce higher settlement rates of abalone larvae compared to monospecific benthic diatom films 
(Daume et al. 2000, Krsinich et al. 2000). By itself U. lens only supports moderate growth rates 
but, when combined with an easily digestible diatom such as N. cf. jeffreyi, the diet can sustain 
high growth rates (Daume & Ryan 2004, Kawamura et al. 1998). Takami et al. (1997) also 
found that rapid abalone growth is only achievable on crustose coralline algae (Lithophyllum 
yessoense) if diatoms are present. Once abalone exceed about 5 mm in length, the combined 
diet of U. lens and N. jeffreyi, is unable to adequately support the high abalone biomass per plate 
(Daume & Ryan 2004).
A potential alternative commercial feed for juvenile abalone (5-10 mm) may be macroalgae 
sporelings. The majority of juvenile abalone dietary studies have been conducted with mature 
macroalgae, however, they may have different nutritional and structural properties to juvenile 
macroalgae of the same species (Van Alstyne et al. 1999). The juvenile macroalgae (germlings) 
can potentially provide a greater biomass per plate because of their -dimensional morphology 
compared to the 2-dimensional encrusting algae and have been shown to support moderate to 
rapid growth of 90-10 µm day-1 (Maesako et al. (1984) as cited in Kawamura et al. (1998)). 
The -dimensional growth reduces the surface area required and gives the feed the potential 
to combat the juvenile abalone’s ability to consume 5-0% of their body weight in algae each 
day (Corazani & Illanes 1998, Hahn 1989). Ulva has been used in numerous studies, both 
individually or as part of mixed/rotation diets but is considered a relatively poor nutrition source 
(Simpson & Cook 1998). Shpigel et al. (1999) has shown that specific growth rates of 0.6 to 
1% day-1 can be attained for juveniles 8-15 mm in shell length and that some abalone species 
grow better on Ulva cultured in high ammonia-N enriched seawater, underlying the importance 
of the feed’s nutritional value. 
In the present study, the dietary value of an Ulva sp. germling diet was compared to a currently 
used commercial diet consisting of the green alga U. lens plus the diatom species N. jeffreyi on 
the growth and survival of juvenile greenlip abalone (Haliotis laevigata).
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6.2  Material and methods
Location
The feeding trial was conducted in a greenhouse at the Aquaculture Development Unit, 
Challenger TAFE, Fremantle, Western Australia between March and August 2004. Juvenile 
greenlip abalone (Haliotis laevigata) were supplied by Great Southern Marine Hatcheries in 
Albany, Western Australia.
Algal culture – diets
Ulva sp. germling diet
Ulva sp. thalli were collected from submerged limestone rocks on South Mole in Fremantle 
Western Australia and exposed to a cold (4°C) treatment to induce gametogenesis. Ulva thalli 
were arranged in layers in-between moist newspaper then refrigerated. After 7 days of cold 
treatment, 10 kg blotted wet weight of Ulva thalli was placed into each of the five, 400 L tanks 
filled with a modified f/2 culture medium (Guillard & Ryther 1962), that lacked PII metals, 
sodium metasilicate and vitamin stock solutions. Each tank held three baskets of twelve, 0x60 
cm PVC plates lying horizontally. The tanks received only light aeration to reduce water motion 
and allow maximum spore attachment.
The Ulva thalli were removed from the five tanks after 6 days and the germling seeded PVC plates 
redistributed into three 400 L tanks each containing three baskets of 20 plates now orientated 
vertically. The germlings were then cultured over 5 weeks in the modified f/2 medium, which 
was exchanged twice weekly.
Ulvella lens plus Navicula cf. jeffreyi diet
The diatom Navicula cf. jeffreyi (CSIRO Hobart, CS-514) was cultured in standard f/2 medium 
(Guillard & Ryther 1962) with cultures starting indoors in 4 Petri dishes which were then scaled 
up to four, 1.5 L horizontally laid culture bags and finally to one, 60 L, shallow tank outdoors. 
20 L of the N. jeffreyi inoculum was added to each of the three U. lens tanks.
Sixty U. lens seed plates (0x60 cm PVC) were placed at regular intervals between clean 0x60 
cm PVC plates and exposed to sunlight for 5 days, then removed. The aeration was low to allow 
the U. lens spores to attach to the plates and the modified f/2 medium was exchanged twice 
weekly. (Daume & Ryan 2004, Daume et al. 2004).
Feeding trial
For each of the two treatments (Ulva germling diet and U. lens/N. jeffreyi diet), three, 400 L 
tanks were stocked with three baskets of 20 vertically arranged seeded plates (0x60 cm). The 
tanks were aerated by three airlines spaced evenly along the bottom and shaded with 70% shade 
cloth. 1 µm filtered bore seawater was supplied at 10 L min-1 via a spray bar above the water 
surface. The water temperature over the -month feeding trial started at 20.8 ± 0.1°C (May) 
then reduced to 19.7 ± 0.18°C (June) and finished at 19.0 ± 0.08°C (July).
Juvenile greenlip abalone (H. laevigata) were taken off an U. lens/naturally occurring diatoms 
diet and transported (4 h) on PVC plates seeded with U. lens between wet sponge sheets in 
insulated containers. The PVC plates with juveniles attached were placed across the top of the 
baskets in each tank and left for 2 weeks to allow the juveniles to migrate onto the experimental 
diet plates. 1700 juveniles of .5 to 4 mm shell length were stocked in each of the six tanks 
giving approximately 28 juveniles per 0x60 cm plate.
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The feeding trial was for a period of 14-weeks and the three U. lens tanks were reinoculated 
with N. jeffreyi during weeks 2, 4 and 8. The plates in all tanks were rotated twice, 180˚ about 
the horizontal in weeks  and 10.
Measurements
Abalone shell length (mm) and weight (g) were measured at the beginning of the trial and then 
weekly by collecting a sub sample of 50 juveniles from 10 randomly selected plates in each 
tank. After the juvenile abalone had been measured the contents of each tank were siphoned 
through 50 µm mesh and any dead abalone counted.
Ulva germling abundance was determined by counting the number of germling blades per cm2 
of plate at weekly intervals. Every fifth plate was counted with 5 randomly selected fields of 
view (0.785 cm2) counted diagonally across the plate. The density of the U. lens was determined 
by estimating percentage cover along a graticule using the same sampling procedure as the Ulva 
germlings. The density of N. jeffreyi was measured on 2 removable notches cut from the side 
of every sixth plate. The notches were approximately 16 cm2 and positioned  cm from the top 
and bottom. The number of cells present on these notches was then counted for a defined area 
in 20 randomly chosen fields of view and the number of cells cm-2 calculated.
Biochemical analysis
Samples were taken by scraping diagonally across the plates that were used for determining 
weekly algal abundance. Scrapings were stored at –20°C until needed.
Algal dry weight  
5 mL of the U. lens/N. jeffreyi samples and 0.05 g of the Ulva germling sample were filtered 
through Whatman GF/C (2.5 cm) glass microfibre filters that had been washed, pre-combusted 
and pre-weighed. The filtrate was then washed with 10 mL of ammonium formate solution 
(0.65 M) to remove excess salts, dried in an oven for 12 hours (80°C) and placed in a vacuum 
desiccator overnight. They were then weighted to 4 decimal places on an analytical balance.
Lipid determination  
The lipid content of the algal diets were determined based on the method of Bligh and Dyer 
(1959) as modified by Kates and Volcani (1966) and adapted by Mercz (1994). 
5 mL of the U. lens/N. jeffreyi samples and 0.025 g of the Ulva germling samples were filtered 
onto Whatman GF/C (2.5 cm) glass microfibre filters, rinsed with 10 mL ammonium formate 
(0.65 M) and stored at –20°C for approximately two months.
Once thawed, filters were homogenised in a glass mortar and pestle with 5 mL of a methanol:
chloroform:deionised water solution (2:1:0.8 v/v/v). The extract was centrifuged at ,000 rpm 
for 5 min and the supernatant transferred to a second, 10 mL graduated glass centrifuged tube. 
The volume was made up to 5.7 mL with fresh methanol:chloroform:deionised water, then 
1.5 mL chloroform and 1.5 mL deionised water were added while mixing well.
The tubes were re-centrifuged (,000 rpm for 5 min), after which phase separation was complete 
and the lower green chloroform layer containing the lipids were carefully transferred into dry, 
pre-weighted 4 mL glass vials. A few drops of toluene were added and the extract dried under 
ultra pure nitrogen. The vials were placed in a vacuum desiccator (KOH pellets) overnight and 
weighted to 4 decimal places.
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Protein determination  
The protein content of the algal diets were determined utilising a modification of the Lowry 
et al. (1951) method by Dorsey et al. (1978) and Mercz (1994). Samples were prepared as in 
the Lipid Determination procedure (above) with 0.0125 g of Ulva germlings used for each 
sample.
Filters were homogenised with 5 mL Biuret reagent in a glass mortar and pestle, then transferred 
into 10 mL graduated glass centrifuged tubes and 0.14 mL of deionised water added. Protein 
standards (Bovine Serum Albumin) of 0, 10, 20, 0, 40, 50, 60, 70 µg were made up to 0.14 mL 
with deionised water, and 5 mL Biuret reagent was added. 
All tubes were incubated at 100°C for 60 min and immediately after 0.5 mL Folin Phenol 
reagent was added while mixing on a Vortex stirrer. The tubes were cooled for 15 min at 10-
15°C and 15 min at room temperature, then centrifuged (000 rpm for 5 min). The absorbance 
of the supernatant was read at 660 nm and the protein content determined from the standard 
curve.
Carbohydrate determination  
The carbohydrate content of the algal diets were determined using the method of Kochert (1978) 
incorporating modifications by Ben-Amotz et al. (1985) and Mercz (1994). Samples were 
prepared as in the Lipid Determination procedure (above) with 0.012 g of the Ulva germling 
being used.
5 mL of H2SO4 (1 M) was used to homogenise filters in a glass mortar and pestle before being 
transferred into 10 mL graduated glass centrifuged tubes and incubated at 100°C for 60 min. 
After cooling to room temperature and centrifuging (000 rpm for 5 min) a known volume of 
supernatant (<50 µg total carbohydrate, which is between 0.1 to 0.5 mL, depending on initial 
algal concentration) was taken and made up to 2 mL with deionised water in 10 mL graduated 
glass centrifuged tubes. Carbohydrate standards (Glucose) of 0, 10, 20, 0, 40, 50 µg were 
made up to 2 mL with deionised water.
One mL of 5% (w/v) phenol solution was added and mixed well on a Vortex stirrer. Five mL of 
concentrated H2SO4 (98%, 18M) was added rapidly and then the tubes left for 0 min to cool. 
Absorbance was measured at 485 nm and the carbohydrate content determined from the standards.
Data analysis
Juvenile abalone growth and density for the two dietary treatments Ulva germling and U. lens/
N. jeffreyi were compared by analysis of variance (One-way ANOVA). A Univariate Analysis of 
Variance, post-hoc (Tukey HSD) test was applied to test for differences between mean abalone 
interval sizes (shell length) on the two diet treatments at each time interval. Comparisons of 
the algae diets consumption and biochemical composition were achieved through Bivariate 
Correlation and analysis of variance, One-way ANOVA, respectively. The plate rotation was 
analysed with an Independent t-test. 
6.3  Results
Abalone growth
At the commencement of the feeding trial there was no significant difference between the 
average shell lengths of the abalone distributed to the 2 diets (F(df 1,298) = 0.49 (p=0.484)). The 
juvenile abalone grew on both diets with the Ulva germling diet producing significantly larger 
abalone (shell length) for the first 5 weeks (F(df 1,298) = 6.779 (p<0.05)) (Fig. 6.1). 
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During the first four weeks the mean weekly increase in shell length of the abalone on the Ulva 
germling diet was 0.51 ± 0.1 mm with each increase shown to be significant (Table 6.1). The 
abalone on the U. lens/N. jeffreyi diet only averaged a weekly increase in shell length of 0.41 
± 0.1 mm for the 4 weeks but were able to maintain significant increases in shell length until 
week 7 (Table 6.1). The subsequent extended period of significantly faster growth resulted 
in the abalone on the U. lens/N. jeffreyi diet surpassing the size (shell length) of the abalone 
on the Ulva germling diet and this transition is evident in Figure 6.1 where the two growth 
profiles intersect between weeks 5 and 6. The U. lens/N. jeffreyi diet then proceeded to yield 
significantly larger abalone (shell length) (F(df 1,2698) = 24.671 (p<0.05)).
The weekly growth rates of juvenile abalone were very variable (reaching over 100 µm.day-1) 
on both the Ulva germling diet and the U. lens/N. jeffreyi diet during the first 6 weeks (Table 
6.1, 6.2). The Ulva germling diet sustained a higher specific growth rate for abalone over the 
first 4 weeks, reaching a maximum of 1.5% day-1 (Fig. 6.2).
After the 8th week of the feeding trial, shell length was not significantly different between 
adjacent weeks on either diet (Table 6.1), indicating a reduction in absolute growth rate (Table 
6.2) and specific growth rate (Figure 6.2). From Table 6.2 it is evident that the Ulva germling 
diet produced slightly lower (not significantly lower (F(df 1,82) = 0.58 (p = 0.448))) growth rates 
over the entire feeding trial. Consequently, the specific growth rate of the juvenile abalone was 
not significantly affected by diet (F(df 1,82) = 1.968 (p = 0.164)) with both recording 1% day
-1 by 
the end of the 14-week trial (Figure 6.2).
The juveniles consuming the Ulva germling diet were smaller at the completion of the trial with 
an average of 9.61 ± 0.1 mm shell length compared to the average shell length of 10.29 ± 0.1 
mm the abalone on the U. lens/N. jeffreyi achieved (Figure 6.1). The final abalone shell lengths 
were significantly different indicating that the U. lens/N. jeffreyi diet produced significantly 
larger abalone than the Ulva germling diet (F(df 1,298) = 10.5 (p <0.05)). 
Abalone survival
In conjunction with growth, mortality and the subsequent abalone density are important in 
comparing the two diets effectiveness as a feed for juvenile abalone. Weekly mortality on both 
diets exhibited very similar profiles with the U. lens/N. jeffreyi diet producing an average of 91 
mortalities in week  but thereafter the Ulva germling diet recorded slightly higher mortalities 
until week 10 (Table 6.). Calculating the progressive abalone density from the weekly mortality, 
indicated there was no significant difference in abalone density between the two diets (F(df 1,88) 
= 0.569 (p = 0.45)). Crushed shells and escapees were unable to be considered in the weekly 
mortality giving a discrepancy with the final densities. Even though the number of abalone 
at the end of the 14-week trial was lower on the Ulva germling diet, 1948 abalone (8.2% 
survival), compared to the U. lens/N. jeffreyi diet, 290 abalone (46.9% survival), the difference 
was not significant (F(df 1,4) = .911 (p = 0.119)).
Algal consumption
The juvenile abalone consumed entire Ulva germlings both blade and attachment regions. 
During the first month of the experiment, consumption of germlings peaked at 500 germling 
blades.abalone-1.day-1 but by week 6 the consumption had decreased to 100 germling blades 
abalone-1 day-1. Consumption gradually increased after that (week 6), doubling by the end of the 
feeding trial (Figure 6.). During the last two months there was a positive correlation between 
the increase in Ulva germling consumption and the increase in abalone shell length (R = 0.58; 
p<0.05).
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The consumption of U. lens followed a similar trend and was significantly, positively correlated 
(R = 0.422, p <0.05) to the Ulva germling consumption but with a reduced rate of decline 
after the period of high consumption (Figure 6.4). Consumption of U. lens also significantly 
correlated to the grow rate (R = 0.544, p <0.05) and subsequently the specific growth rate 
(R = 0.618, p <0.05) of the juvenile abalone.
Diatom consumption (Figure 6.5) exhibited a similar profile to that of the Ulva germlings and 
U. lens consumption including the slow increase after week 7. However this increase fluctuated 
under or on zero diatoms abalone-1day-1 for weeks 7 to 12 as the positive growth of algae 
was greater than the consumption by abalone. Subsequently the diatom consumption did not 
correlate with either the Ulva germlings or the U. lens consumption, nor did it appear to relate 
to abalone growth.
During the feeding trial N. jeffreyi was reinoculated and the PVC plates rotated as illustrated in 
Table 6.4 and Figure 6.5. The consumption of diatoms corresponds to the plate rotation rather 
than to reinoculation. When comparing the two rotational profiles (1 = start at top – bottom 
– top and 2 = start at bottom – top – bottom) of diatom consumption they were shown to be 
statistically different (t(df 41) = -2.986 (p = 0.005)). However, if the plates were not rotated 
then consumption was not significantly different. This indicates that rotating the plates had a 
considerable effect on the consumption of N. jeffreyi. 
Two other species of diatoms, Melosira cf. moniliformis and Synedra sp. contaminated the Ulva 
germling treatment at various stages (Table 6.4). These diatoms were present throughout the 14 
weeks, however they only bloomed at the top of the plates on three separate occasions (start, 
week 11 and week 1). The contamination was quickly removed by physically detaching (hand 
abrasion) it from the substrate then siphoning the tanks contents.
Biochemical composition of algal diets
The proximate biochemical composition of the U. lens/N. jeffreyi diet and Ulva germling diet 
can be seen in Table 6.5. The two diets both exhibit dry weights of approximately 12.5% with 
the U. lens/N. jeffreyi only slightly higher. Even though the lipid and carbohydrate components 
were greater in the Ulva germling diets the difference was not significant ((F(df 1,15) = 2.141 
(p = 0.164)) and (F(df 1,14) = 1.767 (p = 0.205)) respectively). The protein level in the Ulva 
germling diet however was shown to be significantly higher (F(df 1,16) = 10.89 (p = 0.005)). 
Clearly the total extractable component (sum of protein, lipid and carbohydrate) was higher for 
the Ulva germlings diet.
6.4  Discussion
The experimental juvenile macroalgae diet of Ulva germlings was comparable to the current 
commercial diet consisting of Ulvella lens and Navicula cf. jeffreyi for the growth and survival 
of juvenile Haliotis laevigata. The two diets demonstrated similar absolute and specific 
abalone growth rates but the U. lens/N. jeffreyi diet produced significantly larger abalone at the 
completion of the 14-week feeding trial. Juveniles feeding on the U. lens/N. jeffreyi diet reached 
10 mm (SL) in less than 1 weeks, whereas the Ulva germling diet produced juveniles of 
9.61 mm (SL) at week 14. Daume and Ryan (2004) found that for abalone of a similar initial 
size to the present trial (4 mm SL), it took less than 15 weeks to reach 10 mm (SL) on just U. 
lens with a stocking density of approximately 50 animals per plate.
The transition at week 5, between the Ulva germling diet and U. lens/N. jeffreyi diet, producing 
significant larger abalone (Figure 6.1) indicates that Ulva germlings were a more successful 
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diet for H. laevigata in the range of .5 to 6 mm. The failure to sustain a growth advantage 
by week 14 indicates better performance of the U. lens/N. jeffreyi diet for H. laevigata in the 
range of about 6 to 10 mm. The Ulva germling diet can therefore be considered an acceptable 
commercial diet for juvenile abalone (<6 mm) and used either as an alternative or in conjunction 
with the current commercial diet of U. lens/N. jeffreyi.
In the later phase of the trial, Ulva germlings were either no longer able to supply the juvenile 
abalone with specific nutrients or there was not enough biomass. Lack of biomass was an unlikely 
cause as only 25% of the Ulva germlings had been consumed at this point. To overcome either 
of these problems, freshly seeded plates could be cycled through to maintain a constant supply 
of new Ulva germlings. Daume et al. (2004) utilised this procedure for U. lens, which enabled 
the high, initial growth rates of newly settled Haliotis rubra to be maintained for 114 d.
The abalone on the Ulva germling diet recorded nine out of the last ten weekly increases as 
not significant, which was further compounded by the reduction in abalone weekly growth to 
only 0.08 mm (SL) for the last 2 weeks (Table 6.1). However the U. lens/N. jeffreyi diet also 
sustained a low weekly abalone growth rate of 0.24 mm (SL) for the last 2 weeks. H. rubra has 
been shown to achieve steady growth for 100 d and then fail to grow further on some mono-
specific algal diets (Day & Fleming 1992). 
The reduction of juvenile growth towards the end of the feeding trial occurred at the peak of 
the winter season with water temperatures dropping from 20.8°C to 19°C. The colder water 
temperatures may have resulted in the metabolic activity of the abalone reducing, causing less 
consumption of both algal diets and subsequently slower growth rates.
By week 12 both diets had produced abalone of approximately 9.5 mm (SL) with decreasing 
growth rates and at this stage the abalone could be weaned onto formulated feed (Dunstan et 
al. 2002, Fleming et al. 1996). However, it could be beneficial to maintain the abalone on its 
original diet for as long as possible by incorporating fresh seeded plates to reduce competition 
for food as well as the stress caused by handling (Daume et al. 2004, Fleming 1995). 
An alternative to weaning may be to incorporate the Ulva germling diet as part of a mixed/
rotational diet when it no longer supports adequate growth by itself (Day & Fleming 1992). The 
consumption of the subsequent algae, rotated through, may account for the deficiencies in the 
initial diet, in this case Ulva germlings (Simpson & Cook 1998). The plate method of feeding 
juvenile abalone directs itself to diet rotation or a mixed diet plan whereby plates seeded with 
different diets can be interspersed throughout the tanks. Simpson and Cook (1998) and Stuart 
and Brown (1994) demonstrated that Ulva sp. as a singular diet produced the lowest abalone 
growth rates but when presented in a rotational/mixed diet it sustained excellent growth rates.
Growth rates of H. laevigata fed the Ulva germling diet were not significantly different from 
those produced on the U. lens/N. jeffreyi diet (Table 6.2). The growth rate profile was similar to 
that obtained by Daume and Ryan (2004) utilising U. lens, where once the first two weeks had 
been removed, the next 6 weeks recorded 84 µm.day-1 and the final 6 weeks 63 µm day-1. The 
growth rates during the first two weeks were removed from Table 6.2 as any nutrient deficiency 
in a diet may be masked by the abalone ability to utilise its own stores (Fleming et al. 1996). 
As the juvenile abalone were taken off an U. lens/naturally occurring diatom diet, the weaning 
process was considered minimal compared to the recommendation of approximately 50 d (Day 
& Fleming 1992). However it was important to run the feeding trial for as long as possible to 
detect any effects of nutrient limitation and to determine the capacity of an alga to maintain 
acceptable abalone growth (Day & Fleming 1992).
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The Ulva germling diet achieved growth rates of over 100 µm day-1 during the first 6 weeks. This was 
comparable to Haliotis discus discus growth rates attained over a month on a variety of macroalga 
germlings including Colpomenia sinuosa, Ectocarpus siliculosus and Enteromorpha sp. (Maesako 
et al. (1984) as cited in Kawamura et al. (1998)). Takami et al. (200) showed that Haliotis discus 
hannai of approximately 1.8-2.2 mm and 2.8-2.9 mm shell length could reach growth rates of 80 
and 100 µm day-1 respectively on juvenile sporophytes of Laminaria japonica.
The specific growth rate reached over 1.3% day-1 and finished at 1% day-1  on both diets with 
no significant difference between them. The Ulva germling diet achieved 1.5% day-1 at week 4 
but then exhibited a slow decline. Corazani and Illanes (1998) reported that H. discus hannai 
obtained a higher specific growth rate (0.69% day-1) utilising adult Ulva rigida than other 
macroalgal diets while Haliotis rufescens achieved the lowest specific growth rate. This was 
comparable to the 0.71% day-1 achieved by H. discus hannai on an Ulva sp. (Uki & Watanabe 
1992). Ulva lactuca has been found to have reasonable dietary value for Haliotis tuberculata 
(1.16% day-1) but significantly lower for H. discus hannai (0.75% day-1) (Mai et al. 1996). 
Haliotis iris was only able to achieve 0.1% day-1 on U. lactuca (Stuart & Brown 1994). Simpson 
and Cook (1998) also found that the suitability of Ulva sp., as a feed was dependent on the 
abalone species.
The Ulva sp. being used in the present study was not manipulated through nutrient enrichment 
during the 14-week feeding trial. Enriched Ulva rigida has been shown to produce growth 
rates of juvenile Haliotis roei comparable to those achieved on the best performing artificial 
diets (Boarder & Shpigel 2001). Taylor and Tsvetnenko (2004) showed that only 15 mgNL-1 
enriched U. rigida produced significantly higher specific growth rates (0.28 µm day-1) than 
unenriched U. rigida. Shpigel et al. (1999) reported growth rates of 44.47 and 121.47 µm 
day-1 for H. discus hannai and H. tuberculata, respectively, on a high ammonia-N enriched 
U. lactuca compared with 1.7 and 80.72 µm day-1 on low ammonia-N enriched U. lactuca. 
The growth rate for H. tuberculata produced on the high-enriched U. lactuca (Shpigel et al. 
1999) was the only growth rate to exceeded that obtained on the Ulva germling diet in the 
present study. During the culturing process, before the feeding trial began, the Ulva germlings 
were grown in f/2 media (minus the PII metals, sodium metasilicate and vitamin stock solutions) 
(Guillard & Ryther 1962). The elevation in nutrients at the start may have led to the extremely 
high level of consumption (week 3, Figure 6.3) resulting in the significantly larger abalone size 
during the first 5 weeks and in turn the rapid 1.5%.day-1 specific growth rate. Therefore it is 
important to investigate the benefit of culturing nutrient enriched (high ammonia-N seawater) 
Ulva germlings to achieve the best juvenile abalone growth rates.
The consumption rate of Ulva germlings was extremely high during the first month and 
subsequently the abalone grew rapidly. However, once the consumption rate reduced so did the 
growth rates giving a significant correlation (Figure 6.3). Hone (1992) showed that Ulva australis 
was rapidly consumed by abalone. On a quantitative basis Ulva sp. had the lowest consumption 
in g abalone-1 day-1 compared with five other adult macroalgae and subsequently produced the 
lowest growth rates for Haliotis midae (Simpson & Cook 1998). Boarder and Shpigel (2001) 
reported that inorganically enriched U. rigida had the lowest consumption rate but was still 
able to produce growth rates of Haliotis roei comparable to that achieved on some of the best 
artificial diets. As mentioned before, ammonia-N enriched U. lactuca produced the highest 
growth rates for both H. discus hannai and H. tuberculata but these rates were recorded while 
consuming significantly less biomass (Shpigel et al. 1999). This indicates that nutrient enriched 
Ulva sp. produces greater growth rates, while requiring less biomass to achieve them. 
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Daume and Ryan (2004) reported that at the start of a feeding trial U. lens had 55% coverage and 
decreased until 11% was left at 9 weeks, where new plates were introduced. That consumption 
pattern is considerably faster than recorded in this study with 14 weeks needed to achieve 
approximately 11% cover from a similar start value. The different stocking density accounts for 
the difference in U. lens consumption rates with the present study starting with approximately 
20 fewer animals per plate (Daume & Ryan 2004).
The U. lens consumption was significantly correlated with the Ulva germling consumption 
indicating that the juvenile abalone exhibited a similar preference for the two species of green 
algae (Figure 6.4). This is understandable as the biochemical profiles of the two diets were 
fairly similar (Table 6.5). The dry weight of both diets, even though similar (12.5%) was lower 
than ≈ 15%, the expected value for the majority of algae such as Ulva sp. (Mercer et al. 199, 
Shpigel et al. 1999). This may be caused by the sampling method incorporating all the biofilm/
moisture from the plates rather than just the two green algae.
The Ulva germling diet exhibited a higher overall percentage extracted, possibly because of 
the high ash content of diatoms including Navicula (Brown & Jeffrey 1995).  The individual 
biochemical components were also higher. Specifically, the protein level (32.3%) was significantly 
larger than that of the U. lens/N. jeffreyi diet. It was nearly identical to that of U. rigida when 
enriched from 11.4% to 2.2% protein by using high nutrient water (5 gNm-2.day-1; 0.6 gPm-2 
day-1) (Boarder & Shpigel 2001). The Ulva germlings as a -dimensional juvenile macroalgae 
are in a phase of high growth and therefore may be able to utilise the limited nutrient supply in 
the water extremely well compared to what the 2-dimensional U. lens/N. jeffreyi diet can. 
The total percentage extracted (≈ 65%) from the U. lens/N. jeffreyi diet may have been reduced 
due to the combination of microalgae present within the diet. Brown and Jeffery (1995) extracted 
only 56% from N. jeffreyi with protein as the major constituent and carbohydrate the lowest 
while 12% lipid, 28% protein and 7% carbohydrate have been extracted for a combination of 
diatoms (Brown et al. 1997). The biochemical composition can vary considerably between 
diatom species let alone a diet containing U. lens, diatoms and biofilm components (Brown 
1991, Brown et al. 1997, Lewin & Guillard 1963).
Importantly the lower level of lipid, protein and carbohydrate present within the U. lens/ 
N. jeffreyi diet produced significantly larger abalone at the end of the 14-week feeding trial. 
Therefore the higher amounts of the biochemical components do not increase growth but rather 
an optimal level may be responsible. Lipid levels of 4-5% have been shown to be optimal for 
abalone which corresponds with the U. lens/N. jeffreyi diet whereas the Ulva germling diet was 
higher (Dunstan et al. 2000, Uki & Watanabe 1992). High levels (≥5%) of dietary lipid have 
been shown to be detrimental to abalone growth and are thought to depress the digestibility 
of other nutrients (Britz & Hecht 1997, Uki & Watanabe 1992, Van Barneveld et al. 1998). 
Therefore the high lipid level present in the Ulva germling diet may have reduced the optimal 
growth rates obtained in the first month of the trial.
Optimal protein level of 28% have been reported but can range from 20 to 5% depending on 
abalone species (Britz & Hecht 1997, Coote et al. 2000, Mai et al. 1995, Uki & Watanabe 1992, 
Vandepeer & Van Barneveld 2002). However to maximise protein utilisation not only should 
the diet contain sufficient, readily digestible protein but a well balanced mixture of essential 
and non–essential amino acids (Britz & Hecht 1997, Mai et al. 1995). Therefore the U. lens/ 
N. jeffreyi diet may provide biochemical components closer to the optimal levels for juvenile 
H. laevigata as it produced larger individuals.
Fisheries Research Contract Report [Western Australia] No. 16, 2007 95
The N. jeffreyi consumption (Figure 6.5) did not correlate with either of the algae species nor 
any of the abalone results. Weeks 7 to 10 and 12 all produced negative consumption indicating 
that the N. jeffreyi was reproducing faster than the abalone could consume it. The consumption 
rate of N. jeffreyi did not correspond with the reinoculation but rather the rotation of the plate’s 
180˚ about the horizontal.
This can be accounted for by two reasons; firstly because the light gradient through the tanks 
allowed N. jeffreyi situated at the top to receive greater light intensity inducing faster growth 
and secondly because changes in grazing pressure due to light sensitivity/migration of abalone. 
These notions were substantiated through visual observation during the trial as diatom counts 
increased when at the top and juvenile abalone where found on the bottom of the tanks during 
the day. Positive relationships between feed intake and the duration of darkness have been 
shown by Dixon (1992) and Fleming et al. (1996), hence when the juvenile abalone migrate 
from the bottom to feed, high density of diatoms are closer reducing the effort expended to 
graze. Daume et al. (2004) indicated that the light intensity tended to be higher at the top of 
plates and migration to the bottom of the tank was evident.
When the plates were rotated at week  the high N. jeffreyi densities at the top were transferred 
to the bottom. This caused the high densities to be closer to the majority of abalone and 
subsequently caused a spike in consumption (Figure 6.5). N. jeffreyi consumption dropped as 
the density at the bottom declined while the density increased at the top due to greater light 
intensity and less grazing pressure. At week 7 the consumption became negative because the 
growth at the top exceeded the consumption at the bottom. Once the second rotation at week 
10 was performed the consumption began to increase again as the high N. jeffreyi density were 
available to the juvenile abalone at the bottom. The two rotational profiles (i.e. top-bottom-top 
v bottom-top-bottom) were shown to be significantly different. Therefore it would be beneficial 
to rotate diatom-cultured plates at least weekly to maintain high diatom densities at the bottom 
where the majority of abalone reside.
The contaminating diatom species only occurred in the Ulva germling diet tanks indicating that 
it was present from the creation of the diet. It was not determined if the juvenile abalone utilised 
these contaminating diatoms as a food source although Synedra sp. was probably of a suitable 
size. It may have been difficult for the juveniles to deal with the Melosira cf. moniliformis 
because along with its large cell size it proceeded to rapidly form into dense mats with chains 
exceeding 5 cm in length. The large blooms of M. moniliformis occurring at week 11 and 1 
may have had some impact on the declining growth rates as the juveniles are susceptible to 
smothering and entanglement (Daume et al. 2004).
Ulva germlings are a suitable feed for juvenile H. laevigata as they produced comparable 
absolute and specific growth rates to the Ulvella lens and Navicula cf. jeffreyi diet currently used 
in commercial aquaculture. Further investigation into the theoretical and procedural principles 
behind the development of the Ulva germling diet could allow for the diet to incorporate a 
variety of different algal species.
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Table 6.1.  Weekly changes in shell length of juvenile Haliotis laevigata grown on an Ulva germling 
diet or an U. lens/N. jeffreyi diet, indicated by the mean increase difference and 
significance (Univariate Analysis of Variance, post-hoc Tukey HSD tests).
Week Interval Ulva germling diet
Mean Difference 
(mm)
Significance  
(p-value)
U. lens/N. jeffreyi 
diet Mean 
Difference (mm)
Significance  
(p-value)
Start – 1 0.24 0.904 0.00 1.000
1 – 2 0.40 0.019 0.40 0.018
2 – 3 0.67 0.000 0.67 0.000
3 – 4 0.72 0.000 0.56 0.019
4 – 5 0.52 0.052 0.80 0.000
5 – 6 0.44 0.212 0.60 0.009
6 – 7 0.59 0.010 0.70 0.000
7 – 8 0.4 0.66 0.44 0.219
8 – 9 0.41 0.1 0.46 0.151
9 – 10 0.50 0.085 0.9 0.66
10 – 11 0.41 0.22 0.66 0.002
11 – 12 0.47 0.14 0.8 0.461
12 – 13 0.08 1.000 0.2 0.972
13 - 14 0.08 1.000 0.25 0.949
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Table 6.2.  Weekly growth rates for juvenile Haliotis laevigata combined into monthly periods (n=3) 
for both an Ulva germling diet and an U. lens/N. jeffreyi diet. The first two weeks were 
excluded to allow time for the juvenile abalone to adapt to the experimental conditions 
and diets.
Diet Week 3-6 Week 7-10 Week 11-14
Mean GR SE Mean GR SE Mean GR SE
(µm day-1) (µm day-1) (µm day-1)
Ulva germling 84.1 9.5 66.1 8.7 5.7 11.8
U. lens/N. jeffreyi 94.1 5.0 68.2 7.5 52.9 11.7
Table 6.3.  Weekly mortality for juvenile Haliotis laevigata for both the Ulva germling diet and the U. 
lens/N. jeffreyi diet. Mean ± std. error (n=3).  (Initial number of abalone per replicate tank 
was 1700).
Week U. lens/N. jeffreyi Ulva germling
Mean SE Mean SE
1 6 5.86 71 5.81
2 81 2.16 85 22.15
3 91 22.4 56 6.44
4 64 14.19 72 12.01
5 5 .21 57 .5
6 27 2.91 59 22.21
7 16  45 11.5
8 18 2.65 28 2.
10 24 1.7 25 1.67
12 17 4.6 12 2
14 15 1.76 12 0.88
Table 6.4.  The weeks, in which inoculation of N. jeffreyi occurred, the plates were rotated and when 
contaminant diatom species was observed, including their relative size.
1st 2nd 3rd
Inoculation Week 2 Week 4 Week 8
Plates Rotated Week  Week 10
Contamination Present
Melosira c.f. moniliformis Before Start Week 11 Week 1
Synedra sp. Before Start Week 11 Week 1
Contamination Size Cell Length (µm) SE Cell Width (µm) SE
Melosira c.f. moniliformis 109.5 2.09 8.9 0.29
Synedra sp. 21.5 0.81 19.7 1.42
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Table 6.5.  The biochemical composition of both the Ulva germling diet and the U. lens/N. jeffreyi 
diet. Values are on dry matter basis and expressed as g/100g Dry Weight with standard 
errors in parentheses (n=9).
Diet Dry Weight Lipid Protein Carbohydrate
Ulva germling 12.44 (0.54) 7.12 (1.55) 2.0 (1.84) 4.86 (5.87)
U. lens/N. jeffreyi 12.82 (0.57) 4.7 (0.95) 24.17 (1.64) 5.85 (2.76)
Figure 6.1.  Growth (shell length) of juvenile Haliotis laevigata over the 14-week feeding trial with an 
Ulva germling diet and an Ulva lens/Navicula cf. jeffreyi diet. Mean ± std. error (n=3).
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Figure 6.2.  Specific Growth Rate of juvenile Haliotis laevigata on an Ulva germling diet and an Ulva 
lens/Navicula cf. jeffreyi diet. Mean ± std. error (n=3).
Figure 6.3.  The consumption rate of Ulva germling blades by Haliotis laevigata juveniles over 14 
weeks (no. of blades.abalone-1.day-1).  Mean ± std. error (n=3).
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Figure 6.4.  The consumption rate of Ulvella lens by juvenile Haliotis laevigata over 14 weeks (% 
cover.abalone-1.day-1). Mean ± std. error (n=3).
 
Figure 6.5.  The consumption rate of Navicula cf. jeffreyi by Haliotis laevigata juveniles over 14 
weeks (diatom cells.abalone-1.day-1). Mean ± std. error (n=3). The arrows at the top 
indicate plate rotation and the arrows at the bottom indicate inoculation.
Fisheries Research Contract Report [Western Australia] No. 16, 2007 10
7.0  Assessment of juvenile diets (algae or formulated 
feed) for greenlip abalone (Haliotis laevigata)
Sabine Daume, Mark Davidson, Stephen Ryan and Fiona Parker 
Department of Fisheries, Research Division, PO Box 20, North Beach, WA 6920, Australia
7.1  Introduction
Most commercial abalone nurseries worldwide rely on diatom biofilms as a food source for 
post larvae and juvenile abalone (Daume et al. 2000). More recently, it has been shown that 
the macroalga Ulvella lens Crouch can enhance the settlement of the abalone Haliotis rubra 
Leach and H. laevigata Donovan and provides a good food source for juveniles >  mm in shell 
length. This food source can be further enhanced by inoculation with cultured diatoms (Daume 
et al. 2004, Daume and Ryan 2004). In Australia, most commercial hatcheries culture U. lens to 
induce larval settlement and as a food source for the juveniles until about 5 mm in shell length 
when algal biomass becomes inadequate. As juveniles grow, it becomes increasingly difficult 
to maintain adequate feed on the plates and it is still regarded as a significant bottleneck for the 
abalone aquaculture industry (Daume, 2006). New plates colonised by U. lens and diatoms can 
be introduced every month to combat this problem. 
However, macroalgal germlings, which can grow on the nursery plates and can provide more 
biomass, may be a more suitable alternative for the later stages of the nursery phase. Rapid 
growth rates of 90-10 µm day-1 have been reported with germlings (Maesako et al., 1984 
as cited in Kawamura et al., 1998). Strain et al. (2006) showed comparable growth rates of 
juvenile greenlip abalone (5-10 mm in shell length) feeding on an algal diet consisting of Ulva 
sp. germlings and Navicula cf. jeffreyi compared to U. lens and N. cf. jeffreyi mix. Shpigel et 
al. (1999) demonstrated that juvenile abalone (H. tuberculata Linnaeus, H. discus hannai Ino) 
grow better on the green alga Ulva lactuca Linnaeus when it is cultured in an ammonia enriched 
seawater, indicating that the nutritional value of the macroalga can be enhanced in culture. 
Specific growth rates of 0.6 - 1% body weight day-1 have been reported for juveniles 15-18 mm 
in shell length (Shpigel et al. 1999). Growth rates of H. roei Gray juveniles (2 mm in shell 
length) feeding on enriched Ulva rigida C. Agardh were comparable to growth rates achieved 
on the best performing formulated diet (Boarder and Shpigel 2001). 
Alternatively, formulated feed may provide nutrients in a more constant form, independent 
from seasonal variation in nutritional profile, with the potential to easily increase food biomass 
as juveniles grow. Growth rates of up to 5 µm day-1 for juveniles ranging between  and 18 
mm and up to 90 µm day-1 for juveniles between 7 and 0 mm in shell length have been reported 
on an unspecified formulated diet (Table 6 in Fleming et al. 1996). Viana et al. (1993) found that 
juvenile abalone (H. rufescens Swainson) of approximately 1 mm in shell length were growing 
faster on a formulated diet than on the macroalga Macrocystis pyrifera (Linneaus) C. Agardh. 
In contrast, Naidoo et al. (2006) reported that Haliotis midae (Linneaus) (5 mm in shell length) 
grew best on a mixed seaweed diet compared to monospecific diets or formulated feed.
In this study, two experiments were conducted to compare the growth and survival of juvenile 
greenlip abalone (Haliotis laevigata) feeding on algal diets to their performance when feeding 
on a commercial formulated diet. In the second experiment the effect of abalone stocking density 
on growth and survival of the juveniles was also investigated. 
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7.2  Methods
The experiments were conducted at a commercial abalone farm, Great Southern Marine 
Hatcheries, Albany, Western Australia between March and July 200 and August 2004 and 
January 2005 for the first and second experiment respectively. 
Experiment 1: Effect of juvenile abalone diets on growth and survival 
In this experiment an algal diet (Ulvella lens) was tested against a commercial formulated diet. 
These diets cannot be fed in the same tank system and hence different tank systems were set up 
in triplicate (= 6 tanks in total).
Tank set-up to test the formulated diet  
Three experimental tanks (1720 mm x 740 mm) were set-up with a sloping second floor and 
a shallow water level (150 mm high = total of 190 L) to cover the second floor with seawater 
(Figure 7.1A). The second floor served as a hide for juveniles during the day and a feeding 
platform at night. Three airlines were installed along the tank bottom. Seawater was supplied 
via a spray bar at a constant rate of 6 L min-1. Tanks were stocked with 600 juveniles each (x 
juveniles per m2). Juveniles were fed 2% body weight per day (bw day-1) of a commercial 
formulated diet (Adam and Amos, Mt. Barker, South Australia;  mm Noodle), which was 
gradually introduced over three days.
Tank set-up to test algal diet
Three experimental nursery tanks (1720 mm x 740 mm), set-up with deeper water level 
(10 mm high = total of 90 L) were equipped with  baskets holding 20 PVC plates (600 x 
00 mm) each were used to test the algal diets (Figure 7.1B). Each tank was set-up with three 
airlines running perpendicular to the plates along the tank bottom. Seawater was supplied by a 
spray bar at a constant rate of 6 L min-1. The incoming seawater was filtered to 1 µm to reduce 
the development of natural diatoms. Ulvella lens was cultured on commercial nursery plates 
and stocked at a low density of 0 juveniles per plate (1800 per tank). 
Algal culture
Ulvella lens
The methods for spore collection were adapted from Takahashi and Koganezawa (1988). Plates 
with large mature patches of U. lens and well-developed sporangia were selected, wiped clean 
to remove any diatom film and stored in 1 µm - filtered seawater under two layers of 70% 
shading cloth, two weeks prior to starting the conditioning of the experimental plates. U. lens 
seed plates were then placed between the baskets of the experimental tanks (6 seed plates 
per experimental tank), while the tanks were maintained with no water flow, low aeration and 
without shading. An f/2 mix that lacked sodium metasilicate and vitamins was applied (40 g 
1000 L-1 Abasol, Manutech, Port Lincoln, Australia). The release of zoospores is triggered by 
the increase in water temperature, nutrients and light. The largest release occurred 4-5 days 
after the introduction of seed plates. 
Diatom cell density and percentage cover of Ulvella lens
Eight times during the experiment and 1-4 weeks apart, the number of naturally occurring 
diatom cells and the percentage cover of U. lens were estimated under an inverted microscope 
in 15 randomly chosen fields of view of six plates per tank. 
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Growth and survival of juveniles
Seventy-two juvenile abalone were measured per tank every week. Juveniles averaged 5.95 
± 0.06 mm in shell length at the start of the experiment The experiment was terminated when 
juveniles reached 14 mm in shell length in one of the treatments. The survival was estimated at 
the end of the experiment.
Experiment 2: Effect of juvenile diets and stocking density on juveniles 
growth and survival
In this experiment a commercial formulated diet was tested against two algal diets. In addition, 
one of the algal diets (Ulvella lens plus Navicula cf. jeffreyi) was tested at both high (80 
juveniles per plate) and low (40 juveniles per plate) stocking density (= 4 treatments). Different 
tank systems needed to be utilised to test the formulated diet and algal diets and hence different 
systems and diets were set up in triplicate (= 12 tanks in total).
Tank set-up to test the formulated diet
Three circular weaning tanks (industry design- GSW, Victoria, Australia), 1,940 mm in inner 
diameter (ca. 00 L) with a central standpipe and supplied with seawater from a spray bar at 6 L 
min-1, were used to evaluate the formulated diet (Figure 7.1C). The water is cascading through 
7 steps with an increasing depth from 0 mm at the outer ring to 80 mm at the inner ring.
A subset of juveniles Haliotis laevigata (7.1 ± 0.12 mm in shell length) were taken off nursery 
plates and transferred into weaner tanks. The tanks were stocked with 6,000 animals each 
(about 2,000 m-2). Juveniles were fed 2% (bw day-1) of a commercial diet (Adam and Amos, 
Mt. Barker, South Australia;  mm Noodle), which was gradually introduced.
Tank set-up to test the algal diets  
The same tank set-up was used as in experiment 1. Three experimental nursery tanks were set 
up for each of three treatments. Germlings of the green alga Ulva sp. were cultured together 
with Ulvella lens and the diatom species Navicula cf. jeffreyi on commercial nursery plates and 
stocked at low density of 40 juveniles per plate. This was compared to a current commercial 
practice in Australia consisting of Ulvella lens plus Navicula cf. jeffreyi only, at low (40 juveniles 
per plate; 2400 per tank and 120 per m-2 of plates) and high (80 juveniles per plate; 4800 per 
tank and 240 per m-2 of plates) stocking densities.
Algal culture
All nursery tanks contained the macroalga Ulvella lens. U. lens was cultured as described above. 
However plates in the combined treatment with Ulva sp. germlings and the diatom Navicula cf. 
jeffreyi had lower % cover allowing other algal species to attach. All nursery tanks (including 
those of the combined treatment with Ulva sp. germlings) were inoculated with the cultured 
diatom Navicula cf. jeffreyi.
Navicula cf. jeffreyi culture and inoculation  
Cultures of Navicula cf. jeffreyi were established in horizontally laid algal bags progressively 
increasing in size up to commercial size bags of ca. 1 x 2 m. The diatom culture was harvested 
during the exponential growth phase (4-6 days after inoculation) and mixed into suspension. 
Each tank received an f/2 mix (Microalgal Food, Manutech, Port Lincoln, Australia) applied at 
40g 1000 L-1 and 15 L inoculum (ca. 105-106 cells mL-1). The tanks remained static with low 
aeration for 24 hours and then received low water flow with light aeration for 2-3 days. All 
nursery tanks were inoculated at the start of the experiment and every 2 weeks thereafter before 
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resuming normal flow and aeration. The incoming seawater was filtered to 1 µm to reduce the 
development of natural diatoms.
Ulva sp. germlings  
Ulva thalli were collected from submerged limestone rocks on South Mole in Fremantle, Western 
Australia. Ulva thalli were arranged in layers in-between moist newspaper then refrigerated at 
4°C. After 7 days of cold treatment, thalli were taken to the hatchery in Albany. Each tank, 
already containing plates with U. lens, received 10 kg blotted wet weight of Ulva thalli. The 
tanks were filled with f/2 mix that lacked sodium metasilicate and vitamins (40g 1,000 L-1 
Abasol, Manutech, Port Lincoln, Australia) and received only light aeration to reduce water 
motion and allow maximum spore attachment.
The Ulva thalli turned pale and disintegrated after spore release. The left overs were removed 
from the three tanks after 6 days. The germlings were then cultured for another 4 weeks in the 
same f/2 mix (see above), which was exchanged weekly. This treatment was added 4 weeks 
later due to the longer culturing period necessary for the Ulva germlings. Juvenile abalone were 
kept on an U. lens and N. cf. jeffreyi diet in the meantime.
Growth and survival of juveniles
Juveniles were measured at the start of the experiment and every -6 weeks thereafter. One 
hundred juveniles were measured per weaner tank each time. In nursery tanks six plates were 
selected per tank and 10 juveniles were measured per plate (60 per tank). Juveniles were 
weighed and counted in each tank at the start and at the end of the experiment and the survival 
and weight gain estimated.
Data Analysis
Statistical analyses were carried out using the STATISTICA computer package. The assumption 
of normality was checked graphically and using a Kolmogorov-Smirnov test. Abalone shell 
length measurements of both experiments were analysed by repeated measure analyses of 
variance. Data of the second experiment at 20 and 2 weeks and the survival data were analysed 
using a one-way ANOVA with Tukey’s HSD test. 
7.3  Results
Experiment 1 Effect of juvenile abalone diets on growth and survival
Juvenile abalone feeding on the formulated diet reached 1.77 ± 0.0 mm in shell length, 
whereas juveniles feeding on Ulvella lens averaged only 11.5 ± 0.16 mm in shell length at the 
end of the experiment (Figure 7.2). There was a significant difference in shell length at the end 
of the experiment (ANOVA, p<0.05). 
Growth rates were significantly higher in the U. lens treatment between the start of the 
experiment and week 4, when animals reached 9 mm in shell length and seawater temperatures 
averaged 20.1°C (Table 7.1, p<0.05). However, growth rates declined in the U. lens treatment 
and increased in the formulated feed treatment from week 5 onwards, resulting in significantly 
higher growth rates on the formulated feed between week 1 and 17 (Table 7.1, p<0.05). This 
coincided with a decline in seawater temperature between week 12 and 1 from 18.4 to 17.1°C 
(Figure 7.2). 
The specific growth rate (shell length) was highest in the U. lens treatment at week 4 
(2.17% day-1). The formulated feed treatment produced a growth rate comparable to the U. lens 
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treatment between week 9 and 17 (Table 7.1). The survival was higher in the U. lens treatment 
than in the formulated feed treatment.
Algal cover
Ulvella lens cover ranged from 54% to 78% showing variability between all measures (Table 
7.2). U. lens released spores regularly every 2- weeks. The diatom Cocconeis sp. appeared on 
the plates at low cell density only at the start of the experiment. 
Experiment 2: Effect of juvenile diets and stocking density on juvenile 
growth and survival
The juvenile abalone fed actively on all algal diets (Ulva sp. germling diet, Ulvella lens and 
Navicula cf. jeffreyi) as well as on the formulated feed. Juveniles on the algal diet with Ulva sp. 
germlings grew significantly larger, reaching 17.82 ± 0.43 mm in shell length after 23 weeks 
(Figure 7., Tukeys post-hoc test, p<0.05). Juveniles were smallest in tanks at high stocking 
density (12.8 ± 0.25 mm). 
Over the whole trial period the Ulva sp. germling diet produced the highest average growth rate 
(105.1 ± 8.4 µm day-1, SGR 0.6% day-1), whereas growth rates on the U. lens plus N. cf. jeffreyi 
diet were comparable to those achieved in the formulated diet treatment (Table 7.). Juveniles in 
the algal system at higher stocking density (80 juveniles per plate) showed reduced growth rates 
compared to the low stocking density (40 juveniles per plate) and juveniles in the tank system 
feeding on the formulated diet. 
During the experiment the average seawater temperature increased from 15.0 to 20.4°C (Figure 7.2). 
The largest increase in seawater temperature occurred between week 10 and 1 (15.5 to 18.8°C). 
During the first three months, when the average seawater temperature was below 16°C, juveniles 
grew at similar rates in all treatments (Figure 7., p> 0.05). However at week 20 and after the rise 
in average seawater temperature, juveniles feeding on the combination of all three algae showed 
significantly higher specific growth rates (0.62% day-1) than juveniles on the formulated diet (0.41% 
day-1) and juveniles at high stocking density (0.41% day-1)  (Tukeys post-hoc test, p<0.05). In addition 
at week 23 the combined algal diet produced significantly higher specific growth rates (0.63% day-1) 
than the formulated diet (0.47% day-1) and U. lens plus N. cf. jeffreyi both at low (0.48% day-1) and 
high stocking density (0.7% day-1). 
The average weight gain per individual abalone was highest in the Ulva sp. treatment (0.57 ± 0.0 g 
per individual) (Table 7.). The weight gain was similar in U. lens plus N. cf. jeffreyi treatment at low 
stocking density (0.5 ± 0.02 g per individual) and in formulated feed treatment (0.2 ± 0.01 g per 
individual) but lower in nursery tanks with high stocking density (0.19 ± 0.01 g per individual). 
Juveniles survived best on the U. lens plus N. cf. jeffreyi diet (90 ± 14.1% and 7 ± 1.2% for low and 
high stocking density, respectively), followed by the mixed diet including Ulva sp. germlings (68 ± 
8.5%) and the formulated feed treatment (62 ± 2.4%). However there was no significant difference 
between the treatments (Table 7., p>0.05).
Algal density and cover
Navicula cf. jeffreyi cell density declined rapidly as the experiment progressed particularly in the 
highly stocked tanks (Table 7.4). The Ulva sp. germling density followed a similar trend. Apart 
from initial levels, algal density peaked at 10 weeks, in highly stocked tanks, and at 1 weeks, in 
tanks with lower stocking density. Algal feed density, particularly of the diatom N. cf. jeffreyi, was 
significantly lower in highly stocked tanks compared to tanks with lower stocking density towards 
the end of the experiment but increased again between week 20 and 2.  Both U. lens and N. cf. 
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jeffreyi cover and density started lower in the treatment with Ulva sp. germling than in the other two 
treatments and increased as the Ulva sp. germling density decreased resulting in a peak at the end 
of the experiment.
7.4  Discussion
The first experiment indicated that the algal diet Ulvella lens, provided on vertical plates in 
nursery tanks, is a more suitable food source for smaller abalone juveniles (5-7 mm in shell 
length) than a formulated diet fed in a different tank system. Growth rates of over 100µm 
day-1 were achieved on the algal diet during the first month of the experiment but declined 
continuously as the experiment progressed. This coincided with a decline in average seawater 
temperature. It is likely that the light intensity declined as well during the experiment in late 
autumn and winter, both influencing the low occurrence of natural diatoms on the plates. High 
cover of U. lens was maintained during the whole experiment because new spores were released 
at regular intervals. However, it is likely that the abalone biomass on the plates became too high 
to sustain adequate growth on an algal diet of U. lens only. High growth rates of over 70µm 
day-1 were maintained with a commercial formulated diet when juvenile abalone reached 7 mm 
in shell length. Similar growth rates have been reported with different abalone species at similar 
size (Viana et al. 199, Fleming 1996, Knauer et al. 1996). In a previous study, growth rates of 
juvenile greenlip abalone (-5 mm in shell length) feeding on a formulated diet were very low 
at the start of the experiment and increased slightly as the experiment continued but U. lens 
diet produced superior growth throughout the experiment (Daume and Ryan 2004). The current 
study tested juveniles of larger size in a more suitable tank system. 
Results of the second experiment showed that abalone juveniles readily graze on Ulva sp. 
germlings. The mixed algal diet including these germlings provided the best growth rate 
(105 µm day-1) and the best weight gain per individual when stocked with ca. 40 juveniles per 
plate. This may be due to the additional algal biomass available or to the added nutritional value 
of the Ulva sp. germlings. Similarly, Naidoo et al. (2006) found that juvenile Haliotis. midae 
(4.7 mm in shell length) were growing better on a mixed seaweed diet compared to single 
species diet. Mixed algal diets may provide a better balance of nutrients and single species 
diets could lack key nutrients needed for growth (Brown et al. 1997). Ulva sp. germlings might 
thus be a suitable and practical additional food source for advanced juveniles in a commercial 
nursery. Similar growth rates were reported when H. discus discus was feeding on germlings 
of the brown algae Colpomenia sinuosa and Ectocarpus siliculosus as well as the green algae 
Enteromorpha spp. (Maesako et al. 1984 as cited in Kawamura et al. 1998). Strain et al. (2006) 
reported slightly lower growth rates on a combined Ulva sp. germling and N. cf. jeffreyi diet and 
did not find a significant difference between that mixture and an U. lens and N. cf. jeffreyi diet 
in a 14-week experiment. In the present study we found significant differences in growth rates 
between the algal diets at the end of a 2-week experiment. However, we used a diet consisting 
of a combination of  algal species, including U. lens to the Ulva sp. germling and N. cf. jeffreyi. 
It is likely that the higher seawater temperature at this stage of the experiment occurred together 
with an increase in light intensity resulting in the observed increase in feed density, towards 
the end of the experiment particularly in the  species combined treatment, and higher juvenile 
growth rates.
Growth rates of juveniles at low and high stocking density on the same U. lens and N. cf. jeffreyi 
diet fluctuated with food density. The high stocking density of 80 juveniles per plate in the U. 
lens and N. cf. jeffreyi diet was sustainable for 1-16 weeks when juveniles reached 10 mm 
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in shell length, after which growth rates declined, whilst the food density declined. However 
growth rates recovered in that treatment after 20-weeks and a slight increase in food density 
was apparent due to diatom inoculation and additional release of spores of U. lens (Table 4). 
In comparison, in the low-density treatment (40 juvenile per plate) high growth rates were 
maintained until week 20, after which growth rates declined, whilst the % cover of U. lens 
declined. Results suggest that even when food is provided in excess, growth rates are highly 
dependent on food density. In addition, the results indicate that growth rates can recover under 
high grazing pressure, at high stocking density, if the food density is enhanced immediately. 
However, overall growth rates were higher in the low stocking density treatment, suggesting to 
stock juveniles at lower density to avoid decline in growth rates or further handling. 
In both experiments juveniles survived better on algal diets in nursery tanks than in different 
tanks feeding on formulated feed. However the initial mortality was high (approximately 10% 
during the first week) particularly in this treatment due to the change in diet and handling 
and declined in all treatments to less than 1% mortality per week. Further experiments have 
revealed that providing an algal diet whilst gradually introducing the formulated diet for the 
first few weeks will reduce the initial weaning mortality. High survival was observed in the U. 
lens and Navicula treatments, particularly at low stocking density. However a large difference 
in survival occurred between the replicated tanks (evident by the S.E. Table 7.4), explaining 
why there was no significant difference in survival between treatments. Differences between 
tanks are possibly due to differences in light intensity across adjacent tanks, which can be seen 
in abalone nursery environments, resulting in differences in food density, as previously reported 
by Daume et al. (2004).
Both experiments showed low initial growth rates in the formulated feed treatment. Growth 
rates increased as the trial progressed and overall were comparable to growth rates achieved 
in U. lens plus N. cf. jeffreyi diet at low stocking density. Growth rates declined when the 
seawater temperature increase between week 10 and 1, but recovered once the temperature 
stabilised. These results indicate that once H. laevigata reach a certain size (7-8 mm in shell 
length) a commercial formulated feed can support adequate growth, however higher mortality 
can be expected on this diet when first weaned onto the diet and growth rates can decline when 
seawater temperatures first increase.
Daume and Ryan (2004) suggested that a commercial formulated feed might be suitable for 
juveniles (Haliotis laevigata) larger than 4 mm in shell length. The present study indicates that 
high growth rates on a formulated feed can be maintained once juvenile H. laevigata reach 
7 mm in shell length. We recommend delaying the weaning process if seawater temperatures 
are above 19°C to avoid higher mortalities and reduced growth rates. Our results show that 
juvenile abalone can be maintained on plates to larger sizes eg. 17 mm in shell length with 
Ulva sp. germlings and higher growth rates can be achieved than on a formulated diet fed in a 
different tank system, particularly at high seawater temperature (over 19°C).
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Basket with 20 PVC plates each
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Figure 7.1 Different rearing systems for juvenile greenlip abalone (Haliotis laevigata). A. Shallow 
rectangular tank with horizontal shelter to feed formulated feed; B. Deeper rectangular 
tank with plate system to feed algal diets.
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Spray bar
Central
standpipe
1940 mm
C.
Figure 7.1c Shallow circular tank with varying water levels cascading into a central drain to feed 
formulated feed.
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Figure 7.2.  Shell length of juvenile abalone (Haliotis laevigata) feeding on formulated feed or a 
Ulvella lens diet, as well as average seawater temperature over a 17 week growing 
period (n=3).
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Figure 7.3.  Shell length of juvenile abalone (Haliotis laevigata) feeding on formulated feed or algal 
diets, as well as average seawater temperature over a 23-week growing period (n=3).
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Table 7.1.  Growth rates (µm day-1 ± S.E.), specific growth rates (SGR length% day-1 ± S.E) and 
total survival (% ± S.E) of juvenile abalone (Haliotis laevigata) feeding on a formulated 
feed or algal diet over the 17-week experiment.
  Week 4 Week 8 Week 12 Week 17 Survival 
(%)
Growth rates Formulated feed 9.5 ± 
10.
81.84 ± 
1.9
77.61 ± 
15.7
82.70 ± 17 65 ± 2.
(µm day-1)* Ulvella lens 124.99 ± 
15.9
45.85 ± 
12.8
8.57 ± 
15.2
22.95 ± 
1.8
82 ± .1
SGR Formulated feed 0.65 ± 0.2 0.79 ± 0.1 0.84 ± 0.1 0.76 ± 0.1
(length% day-1)+ Ulvella lens 2.17 ± 0.1 1.19 ± 0.1 0.90 ± 0.1 0.68 ± 0.1
* between consecutive sampling times and averaged over 4-5 weeks  
+ averaged over 4-5 weeks
Table 7.2.  Percentage cover of Ulvella lens and cell density of diatom Cocconeis sp. over the 17-
week experiment.
Week Ulvella Cocconeis sp.
 (% cover) (cells cm2)
2 57.57 990
5 57.17 0
6 54.6 0
7 78.9 0
12 5.06 0
14 75.82 0
15 65. 0
17 66.88 0
Fisheries Research Contract Report [Western Australia] No. 16, 2007 115
Table 7.3.  Growth rates (µm day-1 ± S.E), specific growth rates (SGR length% day-1 ± S.E), weight 
gain per individual and survival (% ± S.E) of juvenile abalone (Haliotis laevigata) feeding 
on different algal diets or a formulated feed over the 23-week growing period.
 DIETS Growth rates SGR Weight gain Survival
 (µm day-1) (length% day-1) (g) (%)
Formulated feed 52.16 ± 8.5 0.47 ± 0.01 0.2 ± 0.01 62 ± 2.4
Ulva - Navicula - Ulvella 105.1 ± 8.4 0.6 ± 0.02 0.57 ± 0.0 68 ± 8.5
Ulvella - Navicula (low stocking) 47.62 ± 8.2 0.48 ± 0.01 0.5 ± 0.02 90 ± 14.1
Ulvella - Navicula (high stocking) 4.28 ± 4.9 0.7 ± 0.01 0.19 ± 0.01 7 ± 1.2
Table  7.4.  Algal feed density throughout the experimental period.    
weeks
Species  0 4 10 13 16 20 23
Navicula sp. high stocking 986 4 806 462 270 0 244
(cells cm-2) low stocking 1015 691 654 1451 50 264 456
 with Ulva  1189 2460 047 145 840 070
Ulvella lens high stocking 66 59 64 58 54 1 7
(% cover) low stocking 65 59 75 67 62 57 51
 with Ulva  21  61 57 66 65
Ulva sp.
(germlings cm-2)
with Ulva
(low stocking) 765 00 62 52 8 65
8.0 Red algae fragments (Laurencia sp.) as an alternative 
feed for juvenile greenlip abalone (Haliotis laevigata)
Lachlan Strain1, Michael Borowitzka1, Sabine Daume2 
1School of Biological Sciences & Biotechnology, Murdoch University, South Street, Murdoch, W.A. 6150. 
2Research Division, Department of Fisheries Western Australia, 39 North Side Drive, Hillarys, W.A. 6025.
8.1  Introduction
Numerous studies have shown that larger juvenile abalone consume macroalgae, while newly 
settled post-larvae and smaller juvenile abalone tend to consume epiphytic and epilithic diatoms, 
crustose coralline algae, turf algae and bacteria as major dietary components (Dunstan et al., 
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2002, Garland et al., 1985, Kawamura et al., 1995, Kawamura, 1996, Kawamura and Takami, 
1995, McShane et al., 1994, Takami et al., 1998). The principal food source for postlarval and 
early juvenile abalone is benthic diatoms until approximately 5 mm shell length at which stage 
a transition occurs to the consumption of macroalgae (Kawamura et al., 1995, Kawamura et al., 
1998b, Kawamura, 1996).
In many Australian nurseries the crustose green alga, Ulvella lens, is used as it has been 
shown to be a suitable larvae settlement inducer resulting in higher settlement rates than some 
monospecific benthic diatom films (Daume and Ryan, 2004, Daume et al., 2000, Krsinich et al., 
2000). Growth rates for postlarvae feeding on U. lens are quite low but, when combined with 
an easily digestible diatom such as Navicula cf. jeffreyi, the diet can sustain good growth rates 
for juvenile abalone (Daume et al., 2000, Kawamura et al., 1998a). At approximately 5 mm 
shell length the animal biomass per plate becomes to great for the combined diet and therefore 
one of the major limiting factors in the intensification of abalone hatcheries is maintenance of 
adequate food due to high grazing pressures of 5-10 mm juveniles (Krsinich et al., 2000).
Fragments of macroalgae are a possible feed alternative for animals greater than 5 mm shell 
length as they can provide greater algal biomass per plate. Breaking down large macroalgae and 
adhering the fragments to plates allows nutritious red algae (or mixtures of algae) to be supplied 
to juveniles. The use of vegetative fragments removes the need to rely on algal reproduction to 
seed plates. Green algae such as Ulva are able to reproduce both asexually and sexually. During 
sexual reproduction every cell can form spores resulting in large numbers of germlings (Hiraoka 
et al., 200, Hoxmark, 1975, Maggs and Callow, 2002). Red algae however, produce relatively 
low spore numbers resulting in few germlings (Destombe et al., 1989, Friedlander and Dawes, 
1984). Another potential benefit of utilising macroalgae fragments is that regeneration of the 
algae fragments will provide a 3-dimensional growth profile suppling greater biomass enabling 
it to overcome the juvenile abalone’s ability to consume 10-0% of their body weight in algae 
each day (Corazani and Illanes, 1998, Hahn, 1989).
In order to present the fragments to the juveniles on nursery plates a gelling agent needs to be 
used to adhere the algae to the plates. Stott et al. (2004) developed a method of spraying an 
agar/formulated feed mixture for postlarvae. This method, utilising a 1% mixture of agar can be 
adapted to suit fragmented algae. The present study investigates the dietary value of fragments 
of a red alga, Laurencia sp., compared to the currently used commercial diets consisting of the 
green alga Ulvella lens plus the diatom species Navicula cf. jeffreyi or an artificial diet on the 
growth of juvenile greenlip abalone (Haliotis laevigata).
8.2  Material and methods
Red algae diet preparation
Thalli of Gracilaria sp. were collected by hand at Leeuwin in the Swan River (Perth) and stored 
in a tumble culture system until used.
Dipping application
Gracilaria sp. thalli were blended in a commercial food processor to produce fragments of 
<1 mm in size. The amount of agar powder (Becton Dickinson, U.S.A.) boiled in 1 µm filtered 
seawater was to the final mixture concentration made up of both agar and algae fragments with 
the volume of agar dissolved in seawater dictated by the ratio of agar to algae (i.e. 1:1 or 2:1). 
1 L of fragments prepared from 800 g blotted wet weight (bww) algae was added to 1 L agar 
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(2%) at 38°C, giving a final mixture concentration of 1%. The resultant mixture was then placed 
in a tray and 20 x15 cm PVC plates were hand dipped into the mixture and allowed to set for 
2 h. Ten plates were set up in each of 12 glass, flow through aquaria with two aeration lines at 
the bottom. Two treatments were tested with 6 replicate aquaria each: 1. no abalone (control) 
and 2. 50 abalone (≈16 mm). The Gracilaria-agar diet on the plates was counted after a week 
to determine its stability.
Spraying application
400 mL of agar (1.5%) at 5°C had 200 mL of Gracilaria fragments added to give a 1% final 
mixture (2:1 ratio, agar:algae). The mixture was then applied to the plates using a .5 mm 
gravity fed, pot spray gun.
Agar concentration experiment
Two concentrations of pure agar (0.5%, 0.75%) at 5°C were sprayed with the spray gun. Agar 
and Gracilaria fragments were mixed together in a 2:1 ratio to give final mixture concentrations 
of 0.5% and 0.75% before being sprayed.
A feeding trial using the aquarium system described in Chapter 5 was set up to test the 
effectiveness of the spraying application. 1.8 L of Gracilaria-agar mixture at 0.75% with a 2:1 
ratio (5°C) was made and sprayed onto 20 x15 cm PVC plates.
Temperature experiment
Three concentrations of pure agar (0.5%, 0.75%, 1%) were sprayed at two ambient air 
temperatures of 2°C and 28°C. The combination of agar and Gracilaria fragments at 2:1 
with final mixture concentrations of 0.5%, 0.75% and 1% were sprayed at the same ambient 
temperatures.
Spray gun experiment
A 5 mm undercoat (direct fed) spray gun was tested in order to spray larger algae fragments 
and reduce solidification of the agar at lower temperatures. Three final mixture concentrations 
of 1%, 1.25% and 1.5% at 2:1 ratio of agar and Gracilaria fragments of approximately 
2- mm were produced. The spraying was conduced at an ambient temperature of 24°C with a 
compressed air temperature of 20°C.
Large scale feeding trial
Algal culture
Laurencia sp. fragment/agar diet  
Laurencia sp. was collected at 8 to 12 m in King George Sound, Albany, Western Australia 
before every application and placed in a tumble culture system, under heavy aeration. To prepare 
the diet, Laurencia sp. thalli were processed into 2- mm fragments using a commercial food 
processor. 1.8 kg of thallus (bww) was needed to produce 2 L of fragments.
Agar was used as the adhesion substance and 75 g was dissolved in 4 L of 1 µm filtered seawater 
(1.88%). Once the agar had cooled to approximately 40°C the 2 L of fragmented Laurencia 
was added (2:1, agar:algae) resulting in a final mixture concentration of 1.25%. The mixture 
was then sprayed onto 26 x 60 cm PVC plates using a compressed air, undercoat spray gun. 
The plates were allowed to set for 1 h then distributed into the tank leaving the aeration off 
overnight. The process was preformed three times ( replicate tanks) and the Laurencia agar 
diet reapplied weekly to maintain sufficient algal biomass.
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Ulvella lens and Navicula cf. jeffreyi diet  
The diatom Navicula cf. jeffreyi was cultured in f/2 medium (Guillard and Ryther, 1962). The 
culture was started in 200 mL horizontally laid culture bags and then scaled up to 1.5 L, then 
60 L culture bags and finally to 2 x 100 L round, shallow tanks. Each stage was cultured for at 
least 7 days. Bag cultures were kept in a controlled culture room at 18°C. The 100 L tanks were 
placed outside under ambient temperature and light. A 60 L inoculum was used for each of the 
three U. lens tanks.
Ulvella lens stock plates (60) were placed at regular intervals between clean 26 x 60 cm PVC 
plates and left in a static system with the addition of Abasol at f/2 concentration (Manutec, Port 
Lincoln) (Daume and Ryan, 2004, Daume et al., 2004). The aeration was kept minimal to allow 
the U. lens spores to attach to the plates. The f/2 media/MAF (Microalgal Food, Manutec, Port 
Lincoln) in the three, 90L tanks containing the U. lens and N. cf. jeffreyi diet was replaced 
weekly at the same time as the N. cf. jeffreyi was reinoculated (20 L).
Feeding trial set up
Two diet treatments of Laurencia sp. fragment/agar and U. lens/N. cf. jeffreyi, with three 
replicated 90L tanks were stocked with three baskets of 20 plates (26 x 60 cm) each. The tanks 
were a flow through system via a spray bar above the water surface and aerated by three airlines 
spaced evenly along the bottom.
2400 juvenile greenlip abalone (Haliotis laevigata) of approximately 8 mm shell length were 
stocked in each of the six tanks giving approximately 40 juveniles per 26 x 60 cm plate. The 
juveniles were harvested at Great Southern Marine Hatcheries and placed onto plates lying 
horizontally across each basket of cultured plates to allow them to move of overnight.
Three, 190 L shallow weaner tanks were set up, contain 6000 juveniles each. This system 
utilises a commercially produced formulated feed (Adam and Amos, South Australia) at a rate 
of 1% body weight per day.
Measurements
The juvenile greenlip abalone were measured by shell length and weight at the beginning of the 
trial and then fortnightly for the duration of the trial. A sub-sample of 50 juveniles (nursery tank 
system) and 100 juveniles (weaner tank system) were measured from each tank.
The Laurencia fragments were counted as the number of fragments per cm2 at the beginning 
and end of each application (weekly) during the trial to determine the consumption rate by 
the juvenile abalone. Every fifth plate was counted with 5 selected fields of view distributed 
diagonally across the plate. The density of U. lens was determined fortnightly by estimations of 
percentage cover using the same sampling procedure as for the Laurencia fragments, and the 
density of N. cf. jeffreyi was assessed as the number of cells cm-2.
8.3  Results
Red algae diet preparation
Dipping Application  
The Gracilaria-agar diet was easily applied to the PVC plates by hand dipping, however the 
mixture tended to clump and did not spread evenly across the plates. This uneven coverage 
also showed considerable variation in the thickness of the mixture and contributed to its rapid 
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removal, whereby large sections “sloughed” off the plates (Table 8.1). Grazing by abalone 
on the algal and agar diet only slightly increased the rate of removal but there was a positive 
correlation between the abalone and control treatments for both agar (R=0.999; p<0.05) and algae 
(R=0.986; p<0.05). The removal of algal fragments was positively correlated with the removal 
of agar within each treatment (control (R=0.982; p<0.05), abalone (R=0.999; p<0.05).
Spray application  
The final mixture concentration of agar and Gracilaria fragments used in the dipping application 
(1%) was maintained but the ratio of agar to algae altered to 2:1 (Table 8.2). This mixture solidified 
inside the chamber of the 3.5 mm spray gun and spraying was not possible. Reducing the final mixture 
concentration to 0.5 and 0.75% allowed the mixture to be sprayed onto the plates (Table 8.2). 
As the 0.75% final mixture at 2:1 of gar and Gracilaria fragments could be sprayed, it was used in a 
feeding trial utilising the glass aquarium system. However, after spraying half of the 120 plates the 
mixture began to solidify in the .5 mm spay gun as the ambient temperatures dropped. Subsequently 
three concentrations of pure agar (0.5%, 0.75%, 1%) were tested at two ambient temperatures, resulting 
in all three concentrations able to be sprayed (Table 8.3). The three final mixture concentrations 
(0.5%, 0.75% and 1%) of agar and Gracilaria fragments at 2:1 were sprayed with only the 0.75% and 
1% solidifying at 2°C (Table 8.).
As the concentration of the Gracilaria-agar mixture increases the air temperature coming out of 
the compressor only needs to be around 20 to 21°C to cause solidification. Maintaining an ambient 
temperature up to 28°C around an air compressor is difficult and therefore a 5 mm undercoat spray 
gun was tested as an alternative application device. 
Three mixture concentrations (1%, 1.25% and 1.5%) at a 2:1 ratio of agar to Gracilaria fragments 
were successfully sprayed by the 5 mm undercoat spray gun at a 24°C ambient temperature (20°C air 
compressor temperature) (Table 8.4). However the 1.5% mixture did result in a few blockages that 
could be removed, but which slowed the spraying process considerably.
Large scale feeding trial
Abalone growth  
The juvenile abalone were all taken from two large settlement tanks at Great Southern Marine 
Hatcheries. Larvae were settled in October 2004 and grown on plates colonised with Ulvella lens 
and diatoms until May 2005 when this experiment started. Juvenile abalone had an initial shell 
length of approximately 8.1 ± 0.04 mm (Figure 8.1) and there was no significant difference 
between the juvenile shell lengths (SL) in the three treatments (F(df 2, 6) = 2.14 (p=0.20)). All 
treatments showed an increase in shell length with the U. lens and Navicula cf. jeffreyi diet 
supporting abalone growth of up to 10.79 mm (SL) in the 8 weeks compared to 10.26 mm for 
the Laurencia-agar diet and 10.54 mm for the formulated feed diet (Figure 8.1). However at 
week 8 there was no significant difference in shell length between the three treatments (F(df 2, 6) 
= 2.25 (p=0.19)).
Growth rates on all three treatments increased steadily over the 8 weeks. The growth rate 
attained on the U. lens/N. jeffreyi diet at week 2 was double that of the Laurencia agar diet 
and managed to maintain a rate of approximately 10 µm day-1 higher for the next 6 weeks 
(Table 8.4). However, over the feeding trial there was no significant difference between the 
three treatments (F(df 2, 6) = 2.67 (p=0.15)). The formulated feed treatment had a very low initial 
growth rate but this rapidly increased between weeks 4 and 8 to give the highest growth rate 
by week 8, at which point the growth rate was significantly higher compared to the growth rate 
achieved on Laurencia-agar diet (F(df 2, 6) = 5.42 (p<0.05)).
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Algal density  
The Laurencia-agar diet at the beginning of the trial lasted only a week and therefore weekly 
reapplication was required. After week  the amount of algae removed decreased dramatically 
(Figure 8.2a), however this decrease was also evident in the percentage cover of the agar 
(Figure 8.2b). Hence the number of Laurencia fragments removed positively correlated with 
the percentage cover of agar removed throughout the experiment (R=0.968; p<0.05).
The percentage cover of U. lens decreased nearly 20% between weeks 2 to 4 and 6 to 8 (Figure 
8.). The slight increase in cover from weeks 4 to 6 was due to reseeding of U. lens via spore 
release. Overall the U. lens plates had approximately half of their cover grazed by the juvenile 
abalone. N. cf. jeffreyi numbers showed a regular decrease over the 8 weeks and were reduced 
to half of the starting density by week 8 (Figure 8.4). 
8.4  Discussion
The dipping application for preparing the Gracilaria-agar diet was very simple and easy to 
use. It also had the ability to be scaled up to allow mass application of the Gracilaria-agar 
diet. However, due to the uneven cover produced, the combination of aeration and water flow 
caused large sheets to peel off the plates. Abalone grazing did not significantly increase the rate 
of removal, but the Gracilaria-agar diet was peeling off too quickly for the abalone to consume 
the algae fragments.
To reduce the amount of the Gracilaria-agar diet peeling off the plates a compressed air, gravity 
fed spray gun (.5 mm) was used to produce an even coverage both horizontally and vertically. 
The force at which the diet was blown onto the plates also produced a stronger adherence. Stott 
et al. (2004) utilised a hand held fine mist sprayer but had to reapply the artificial feed and agar 
mixture every two days. This was not feasible for a large-scale feeding trial, hence the use of 
the compressed air sprayer.
The Gracilaria-agar mixture (2:1 ratio) at 1% used in the dipping experiment blocked the 
nozzle of the spray gun. Pure agar could be sprayed easily and the lower mixture concentration 
of 0.75% (2:1 ratio) could be sprayed efficiently as well. When the same concentration mixture 
was sprayed over a long period of time both the agar and ambient temperatures dropped, 
resulting in the mixture solidifying in the spray gun. Because of possible mixture solidification 
the application temperature was critical, as the mixture needs to be warm enough to spray 
but cool enough to set quickly. However, the temperature of the mixture cannot be too hot as 
the algae will degrade before being sprayed. To compensate for this the ambient temperature 
was raised to produce a warmer air compressor temperature, rather than using agar at a hotter 
temperature and this allowed up to a 1% Gracilaria-agar mixture to be sprayed. However, 
maintaining an air compressor temperature of around 28°C in Albany, Western Australia, during 
winter would be difficult. Furthermore, the Gracilaria fragments were not regenerating in the 
agar, most likely due to the small size of the fragments. To overcome both of these problems, a 
5 mm undercoat (direct feed) spray gun was utilised. The larger nozzle allowed large fragments 
(2- mm) and higher mixture concentrations to be sprayed at lower temperatures, with up to 
1.25% Gracilaria-agar mixtures easily sprayed.
The large scale feeding trial utilised the 5 mm undercoat spray gun allowing a 1.25% mixture 
concentration at a 2:1 ratio with Laurencia fragments of 2- mm. The algae species for this trial 
had to be changed, as there was insufficient Gracilaria available at the start of the trial. Laurencia 
had been observed as a potential juvenile abalone food source as it was easily consumed and in 
plentiful supply.
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By week 8 of the feeding trial all treatments had produced an increase in abalone shell 
length. The shell length of juveniles feeding on the Laurencia-agar diet was slightly (but not 
significantly) lower compared to those feeding on the Ulvella lens and Navicula cf. jeffreyi diet. 
The Laurencia fragment agar diet, even though the algae did not regenerate (fragments died), 
was still able to produce abalone growth rates comparable to the current commercial nursery 
diet of Ulvella lens/Navicula cf. jeffreyi. If the Laurencia could be kept alive and regenerate, as 
with the Gracilaria sp., it should prove an excellent diet. Furthermore, one would expect living 
algae to be nutritionally superior to dying algae. The results presented here indicate that the use 
of vegetative fragments is a viable method of producing a red algal diet for juvenile abalone in 
the later nursery phase of a commercial abalone farm. However, more work needs to be done 
on fragment regeneration, algae growth rates and plate adherence.
The formulated feed attached to plates by agar in Stott et al. (2004) was utilised for postlarvae 
settlement and therefore no comparison can be drawn. However, a formulated feed attached to 
plates by an alginate binder used by Stott et al. (in press) for Haliotis discus discus postlarvae 
(≈400µm) produced a growth rate of approximately 25 µm day-1. The same formulated diet 
including the alginate binder was not attached to plates and left on the bottom of the beaker 
achieved approximately 10 µm day-1 greater (Stott et al., in press). Both of these growth rates 
are considerably lower than those attained on the Laurencia agar diet.
The U. lens/N. cf. jeffreyi diet resulted in a growth rate of 67 µm day-1 at week 8 comparable 
to the 70-80 µm day-1 achieved by Daume and Ryan (2004) on the same diet. However, the 
growth rate recorded by Daume and Ryan (2004) remained high throughout the trial whereas in 
this trial it only reached 67µm day-1 after 8 weeks. The formulated feed diet resulted in juvenile 
growth rates of 81µm day-1 at week 8. Growth rates of up to 85 µm day-1 for long-term trials 
of juveniles ranging from 3 to 18 mm have been achieved on various artificial diets (Fleming 
et al., 1996).
The consumption of both U. lens and N. cf. jeffreyi was quite dramatic, with both algae reduced 
to half the cover/density of the start of the trial indicating that the juveniles remove these species 
rapidly. The decrease shown in the two algal species by Daume and Ryan (2004) is reverse of 
what occurred in this trial, with N. cf. jeffreyi showing the greater decrease, however this can be 
attributed to the size difference in the animals; this trial has larger animals showing a preference 
for U. lens while smaller animals have a preference for N. cf. jeffreyi.
Removal of the Laurencia from the plates up to week 8 was positively correlated with the 
removal of agar. The first few weeks saw a majority of the diet fall off the plates but as the trial 
continued, the agar removal and subsequently the algal removal decreased dramatically. From 
application 4 (week 4) on, the removal of both agar and algal fragments is more a representation 
of abalone consumption rather than the sloughing off of the agar/algae layer. Grazing tracks 
through the agar and observations of the juveniles eating the fragments indicates that they 
were able to readily consume the diet. The Laurencia-agar diet used to be reapplied weekly to 
provide the greatest algae biomass. At this stage the method is too labour intensive to make it 
commercially viable. Further studies are necessary to work on potential regeneration of algal 
fragments to thallus parts in order to develop continuous cultures. The regeneration of algal 
fragments would reduce the need for further reapplication subsequently reducing labour and 
material costs.
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Figure 8.1.  Shell length (mm) of juvenile greenlip abalone on the three diets over an 8 week feeding 
trial. Mean ± std. error (n=3).
                                   
 
(a)
Figure 8.2a. Removal rate of the Laurencia sp. fragments over the 8 week feeding trial. Mean ± std. 
error (n=3).
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  (b)                        
Figure 8.2b. Removal rate of the agar over the 8 week feeding trial. Mean ± std. error (n=3).
  
Figure 8.3.  Percentage cover of Ulvella lens over 8 weeks of the feeding trial. Mean ± std. error 
(n=3). The arrow indicates when reseeding occurred.
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Figure 8.4. The number of Navicula cf. jeffreyi cells per cm2 over an 8 week feeding trial. Mean ± std.  
error (n=3).
Table 8.1.  The amount of Gracilaria fragments per cm2 and agar percentage cover for both the 
control (without abalone) and abalone treatments over the 7-day trial. Mean ± std. error 
(n=6). 
Start Day 3 Day 6
Growth 
Rate
Mean SE Mean SE Mean SE (µm day-1)
Algae Control 12.62 0.45 6.84 0.02 .7 0.07
(cm2) Abalone 18.19 .29 5.92 .42 2.92 2.01 25.96
Agar Control 47.86 2.97 17.42 0.6 10.97 0.08
(% cover) Abalone 40.22 8.05 14.5 7.47 7.72 4.5
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Table 8.2.  Agar concentration experiment utilising 0.5% and 0.75% pure agar and final mixture 
concentrations of 0.5% and 0.75% at a 2:1 ratio of agar and Gracilaria fragments.
Mixture 
(%)
Fragments 
(+ / -)
Ratio 
agar:algae
Agar 
(%)
Sprayed / 
Solidified
0.5 - 0.5 Sprayed
0.5 + 2:1 0.75 Sprayed
0.75 - 0.75 Sprayed
0.75 + 2:1 1.25 Sprayed
1 + 2:1 1.5 Solidified
 
Table 8.3.  Temperature experiment utilising three pure agar concentrations and 3 final mixtures 
concentration of agar and Gracilaria fragments (2:1) at two different ambient 
temperatures.
Mixture 
(%)
Fragments 
(+ / -)
Ratio 
agar:algae
Agar 
(%)
Ambient 
Temp (°C)
Air Temp 
(°C)
Sprayed/ 
Solidified
0.5 - 0.5 2 20.5 Sprayed
0.5 - 0.5 28 2.5 Sprayed
0.5 + 2:1 0.75 2 20.5 Sprayed
0.5 + 2:1 0.75 28 2.5 Sprayed
0.75 - 0.75 2 20.5 Sprayed
0.75 - 0.75 28 2.5 Sprayed
0.75 + 2:1 1.25 2 20.5 Solidified
0.75 + 2:1 1.25 28 2.5 Sprayed
1 - 1 2 20.5 Sprayed
1 - 1 28 2.5 Sprayed
1 + 2:1 1.5 2 20.5 Solidified
1 + 2:1 1.5 28 2.5 Sprayed
Table 8.4.  5 mm undercoat spray gun experiment utilising three final mixture concentrations of 1, 
1.25 and 1.5% at a 2:1 ratio of agar to Gracilaria fragments.
Mixture 
(%)
Fragments 
(+ / -)
Ratio 
agar:algae
Agar 
(%)
Sprayed / 
Solidified
1 + 2:1 1.5 Sprayed
1.25 + 2:1 1.875 Sprayed
1.5 + 2:1 2.25 Solidified 
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Table 8.5. Growth rates (µm.day-1) for juvenile greenlip abalone on the Laurencia-agar, Ulvella lens/
Navicula cf. jeffreyi and formulated feed treatments at 2, 4, 6 and 8 weeks. Mean ± std. 
error (n=3).
Diet Wk 2 Wk 4 Wk 6 Wk 8
Mean GR SE Mean GR SE Mean GR SE Mean GR SE
(µm day-1) (µm day-1) (µm day-1) (µm day-1)
Laurencia sp. 12.88 5.18 5.09 12.45 45.2 4.78 58.19 5.57
Ulvella lens 28.02 15.4 42.81 14.89 52.5 4.18 67.76 0.24
Formulated 5.91 4.01 29.64 .92 48.12 6.26 81.79 6.85
9.0  Fragment culture of Gracilaria chilensis a potential 
red algal species for commercial abalone farms
Sabine Daume, Fiona Parker, Sam Hair, Mark Davidson 
Department of Fisheries, Research Division, PO Box 20, North Beach, WA 6920, Australia
9.1  Introduction
Gracilaria belongs to the Phylum Rhodophyta (“Red Alga”), family Gracilariaceae. Gracilaria 
is widely distributed around the world, but of the 150 species described, most are known from 
tropical waters. Gracilaria contributes ca. 5% of the total world agar production (FAO, 2000) 
and cultivation is for that reason well developed and documented. Gracilaria can be cultivated in 
the open water, in ponds or tanks. In the open water either “rope cultivation” or “bottom-stocking” 
is used. Bottom-stocking is the simplest method for transferring vegetative thalli into their natural 
habitat. Small fragments can either be inserted into sandy substrate or bundles of fragments can 
be fixed with rubber bands to plastic tubes filled with sand and transferred to the natural habitat. 
Rope cultivation on the other hand can be done with vegetative material or with spores that has 
been seeded onto the ropes. Ropes are suspended and stretched under tension in the sediment or 
they are supported at different levels by buoys and rafts. The use of tanks may provide the greatest 
productivity per unit area and is more efficient than any other type of farming.
9.2  Methods and results
Fragments of Gracilaria chilensis were also obtained from the culture collection of The University 
of Melbourne, School of Botany (Prof. John West) http://www.botany.unimelb.edu.au/West/. 
Five isolates using fragments of 3-5 mm were cultured in modified Provasoli`s medium (West 
and McBride, 1999) with aeration, at 18 ± 1°C. These cultures were kept in a growth cabinet 
and light was provided with one cool white light (Osram, 18 Watts) and one growlight (NEC 
Triphosphor, 18 Watts) per shelf at 16 ± 0.7 µmol photons m-2s-1 on a 12 h: 12h, light:dark cycle 
(Figure 9.1). Fragments were weighed every 2 weeks, ca 80-90% of each culture was harvested 
and the remaining 10-20% reweighed and cultured for an additional 2 weeks and so on. GeO2 
was added to the cultures at the start to reduce diatom growth. Fragments were cultured for 9 
months. Long-term growth rates were averaging .6 ± 1.06% day-1 (Table 9.1). 
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After one month harvested cultures (0.1 - 0.5 g) were scaled up to 250 ml and cultured in the 
same growth cabinets at slightly reduced light intensity of 4.7 ± 0.49 µmol photons m-2 s-1 (Table 
9.1). Fragments were cultured for 8 months and growth rates averaged 5.9 ± 1.84% day-1. 
After an additional month harvested portions of two of these cultures (5.07 g) were transferred 
into 15L carboys (Figure 9.2). Two carboys were set up with aeration on a shelf in an algal 
culture room at a constant temperature of 18 ± 1°C. Two cool white fluorescent tubs (Phillips, 
6 Watts each) were installed both underneath and above the shelf providing a light intensity of 
21.6 ± 5.9 µmol photons m-2 s-1. Larger scale cultures grew at a slightly lower rate and averaged 
2.4 ± 0.1% day-1 (Table 9.1). Fragments were cultured in carboys for 7 months.
After four months harvested portions of two carboy cultures (92.52 g) were transferred into one 
150L outdoor tank. A conical “larval rearing” tank was set-up with flow-through of ambient 
seawater and a circular airline along the bottom of the tank to create a tumble culture (Figure 
9.). Seaweed fragments spend some time on the tank surface, drift down to the tank bottom 
and are pushed up to the surface again with the air. Ambient seawater temperatures averaged 
16.54 ± 0.0 and ranged from a minimum temperature of 11.5 (at the start and during the night) 
to a maximum temperature of 21 (at the end and during the day) over the three month growing 
period (June to September). Algae were pulse fed every 2 weeks at Provasoli concentration by 
holding the seawater flow for 24 hours to allow seaweed to absorb the nutrients. Initially no 
extra lights were used for outdoor tanks and growth rates dropped to 0. ± 0.05% day-1. Natural 
light averaged at 1.8 ± 0.48 µmol photons m-2 s-1 on the tank surface, at 2.7 ± 0.45 µmol photons 
m-2 s-1 in the tank middle and at 0.4 ± 0.14 µmol photons m-2 s-1 close to the bottom of the tank. 
Fragments were cultured in an outdoor tank for  months. Recently growth rates improved 
to 0.6% day-1 possibly due to increased light and water temperature at the start of spring. We 
installed an additional light above the outdoor tank (Kolorarc 400 Watts, metal halide light) and 
growth rates are further improving.
9.3  References
FAO (Food and Agriculture Organization of the United Nations, 2000. The state of world fisheries and 
aquaculture 2000. At www.fao.org/docrep/00/x8002e/x8002e00.htm.
West, J.A. & McBride, D.L., 1999. Long-term and diurnal carpospore discharge patterns in the 
Ceramiaceae, Rhodomelaceae and Delesseriaceae (Rhodophyta). Hydrobiologia, 398; 101-11.
Table 9.1.  Percentage weight gain and specific growth rates of Gracilaria chilensis fragments at 4 
different culture steps. 
 
% Weight gain 
day-1 SGR day-1
Stock Cultures .6 ± 1.1 2. ± 0.5
Medium Flasks 
(250ml) 5.9 ± 1.8 1.6 ± 1.6
Carboys (15L) 2.4 ± 0. 1.8 ± 0.
Outdoor Tank 
(150L) 0. ± 0.1 0. ± 0.1
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Figure 9.1.  Gracilaria chilensis stock and scale-up culture in growth cabinet with cool-white and grow 
light fluorescence tubes and aeration.
         
Figure 9.2.  15 L carboys set up with aeration to culture Gracilaria chilensis. Cool-white fluorescent 
light is provided from below.
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Figure 9.3.  Outdoor tank for Gracilaria chilensis set-up with aeration and flow-through.
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Section 3 – Cost-benefit analyses
10.0  The costs and benefits of early weaning and 
rotational farming for greenlip abalone 
 
Peter Cook  
University of Western Australia, Centre of Excellence in Natural Resource Management, 444 Albany Highway, 
Albany WA 6330
Currently in Western Australia, larvae are settled onto plates and then grown on these plates, in 
settlement tanks, till they are about 15 mm to 20 mm shell length, at which point they are then 
transferred directly into grow-out tanks. Whilst on plates in the settlement tanks, the post larvae 
(pls.) feed on a mixture of benthic diatoms and Uvella lens. An alternative to this, however, 
would be to remove them from the plates when they are about  to 5 mm, and to place them into 
an intermediate weaning system, in which they can be fed a formulated diet till they reach 15 
or 20 mm shell length. Weaning tanks used in such systems are normally shallow, round tanks, 
generally measuring about 2m in diameter. 
Should early weaning prove a more financially viable option, this would probably lead to the 
necessity to spawn animals more than once per year, which would require the establishment 
and maintenance of a captive broodstock. There would obviously be costs associated with this, 
and these costs will be considered as part of this study. In addition, however, once a captive 
broodstock has been established, this leads to the possibility of year-round breeding, where 
the total farm requirement for spat can be produced in batches (rotational farming) instead of 
during one single mass spawning. The second section of this report will deal with the costs and 
benefits of rotation farming, and the costs associated with a captive broodstock will, therefore, 
be considered in the second section of this report.
An advantage of early weaning is that maintenance of settlement tanks and plates is labour-
intensive and savings in labour costs can be made. Although coated with Ulvella lens and 
benthic diatoms before the larvae settle, plates normally run out of food after a few months and 
new food, in the form of diatoms or algal germlings, has to be added to the tanks. In contrast, 
once the pls. are moved to weaning tanks, they can be fed a formulated diet, and labour costs 
are reduced. In addition, settlement tanks and plates require regular cleaning, again a labour 
intensive operation, whilst weaning tanks can be cleaned much more easily and require much 
less labour for maintenance.  
The costs and benefits of the two alternative systems have been estimated after extensive 
discussions with Steve Parsons of Great Southern Marine Hatcheries (GSMH), and Mark 
Davidson  (Dept. of Fisheries), in Albany. The following cost-benefit analysis is based on their 
experiences, and on actual costs at GSMH. It should be noted, therefore, that factors that affect 
costs (e.g. labour costs, feed costs) may be different in other parts of Australia and the cost-
benefit analysis may have to be adjusted to accommodate such differences. In an attempt to 
assess such differences, the cost benefit analysis was presented at a National Abalone Workshop 
and suggestions from delegates at that workshop have subsequently been incorporated into the 
model and into this report. The following cost benefit analysis does not pretend to cover all costs 
of production for either system – e.g. costs such as senior management and farm administration 
are seen as “farm overheads” for both systems. Costs of infrastructure, such as buildings, has 
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been included in the model only where differences are dictated by the individual requirements 
of the two different systems. In other words, the costs listed below are direct costs of each 
system and do not include overheads. The following analysis should be read in conjunction 
with Appendix 4, which computes the costs of the alternative systems. 
To calculate the costs and benefits of the two alternatives, the following assumptions have been 
made:
Cost of labour (including on-costs)
- skilled  $52,000 per year;  unskilled - $1,200 per year ($15 per hour)
Cost of power – 12c per KW-hour.
Pumps – a 10KW pump delivers 900 litres per minute 
Cost of formulated food (landed in WA) - $.50/Kg
Costs have been estimated assuming that animals are marketed at 95 mm shell length and 
that, to produce 100 tonnes, 900,000 market-size animals would be required. Assuming a 10% 
mortality during the post larval phase, this would require one million pls. to be settled.
For system “A” it is assumed that the pls. are left on settlement plates till they are 15 mm shell 
length, this requiring an 8 month growth period (average growth rate of 45µm per day for 
the first 4 months, then 2.4 mm per month for months 4 – 8).  Settlement plates are normally 
stocked to produce 5 animals per plate at the end of the pl. phase. This means that about 22 
714 plates would be required and, at 60 plates per tank, this would require 72 settlement tanks. 
Settlement tanks require 10 litres of water per tank, per minute – and thus 72 tanks would 
require 720 litres per minute – which, in reality, probably means one 10KW pump running 
continuously. Pumping costs have, however, been estimated according to the amount of water 
actually required for each system.  On this basis, pumping cost would be $691 per month, or 
$5,529 for the 8-month pl-rearing period. The personnel at GSMH estimate that the labour 
required to run these tanks, including producing the necessary diatoms and algae, would be two 
full-time, skilled personnel, plus one unskilled labourer for 50% of this time, and two unskilled 
labourers for 20% of their time. To maintain diatoms and algae in the tanks as food, commercial 
fertilizer, costing about $7 per Kg, must be added to the tanks at a rate of about 40gm of fertilizer 
per tank per week, the total cost of which, over 8 months, is estimated to be $645.
For system “B” it is assumed that the pls. are left on the settlement plates till they are 5 mm shell 
length. Assuming an average growth rate of 45µm per day, this would require about 4 months 
on the plates. However, because the pls. are much smaller when removed, the total number of 
settlement tanks required to house these plates would be only 45. It is estimated that one full-
time skilled person, plus one unskilled labourer, would be required for the 4 month period. 
Once removed from the settlement plates, pls. would require about 5 months in weaning tanks 
to reach 15 mm. The overall growing period using the weaning system is slightly longer than 
the plate system (9 months as opposed to 8 months), this being mainly because of the inevitable 
interruption in growth that occurs when the animals are transferred between systems. Because 
of this, the model assumes no growth, in this system, during month 5. Using 2 m diameter round 
tanks, and assuming that each can hold 7,000 animals at the end of the production cycle, the 
weaning phase would require about 10 weaning tanks. Because maintenance of round tanks is 
so much less labour intensive, it is estimated that this would require one full-time skilled person 
for 5 months, plus the equivalent of 5 months of unskilled labour. 
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Weaning tanks require 2 litres of water per minute, and this means that pumping costs for the 
full 9 month period (4 months on plates plus 5 months weaning) would be $2,976 ($1,728 + 
$1,248). During their 5 months in weaning tanks, the pls. would be fed on a formulated diet and, 
assuming an average feeding rate of 1.24Kg of food per tank per month, and a cost of $.50 
per Kg,  this would cost a total of $2,821. In addition, fertilizer costs, for the 4 month period 
on plates, would be $22. Whereas settlement tanks can probably be left outdoors, weaning 
tanks require to be housed under shade-cloth structures. Capital cost of these structures will be 
estimated together with overall capital costs.
Based on the above scenarios, the comparative costs of the two systems would be as follows. 
(Note, the following includes direct RUNNING COSTS only, and does not include general 
farm overheads or capital costs. Capital costs will be considered later)
System “A”.
Labour 
1 x skilled x 8 months        $4,667
1 x unskilled x 8 months         20,800
2 x unskilled x 50% x 4 months        10,400
Pumping costs                 5,50
Fertilizer costs                645
        Total  $72,042
System “B”
Labour (plate phase)
1 x skilled x 4 months        $17,
1 x unskilled x 4 months         10,400
Labour (weaning phase)
1 x skilled x 5 months          21,667
1 x unskilled x 5 months         1,000
Pumping costs                 2,976
Fertilizer costs (4 months)              22
Formulated food (5 months)           2,821
       Total   $68,519
The above calculations suggest that running costs can be reduced by $,52 by changing from 
a purely plate system to an early weaning system, this being mainly because of lower labour 
costs. However, this is based on running costs only and, to estimate the true costs and benefits 
one must also consider capital costs of the two systems. The following assumptions will be 
applied to estimated capital costs:
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Settlement tanks
Cost per tank (each, including plumbing)      $2,500
18 racks/ tank @ $16 each            288
60 plates/ tank @$1.40 each                 504
        Total  $,292
Weaning tanks (each, including plumbing)     $   15
System “A” requires 72 settlement tanks at $,292 each, totalling $27,024
System “B” requires 45 settlement tanks ($148,140) plus 10 weaning tanks ($40, 950) – costing 
a total of $189,090, plus a small shade-cloth structure, costing about $5,000. The total capital 
cost of system B is $194,090. 
Overall, therefore, not only does system “B” require $,52 less in running costs but, in addition, 
the capital cost of system “B” is $42,94 less than system “A”. 
There are, of course, many variables incorporated into the above calculations. Some of these 
would be farm-specific and care would need to be taken in applying this analysis to any specific 
farm, especially if that farm was not located in Western Australia. In addition, a number of 
different scenarios (e.g. weaning at 7 mm instead of 5 mm), each of which may have different 
cost implications, could be built into the model. In addition, the model presented above assumes 
the same rate of mortality in both systems. Experience has shown, however, that mortality may 
be slightly higher in the weaning system, especially when animals are transferred from plates 
into weaning tanks, and this higher mortality could influence the cost/ benefit analysis. Even 
taking these factors into account, however, there seems little doubt, from the above calculations, 
that an early weaning system is more cost effective than the traditional plate-rearing system. 
As stated previously, early weaning would probably be viable only if accompanied by the 
establishment and maintenance of a captive broodstock. There would obviously be costs 
associated with this. In addition, however, once a captive broodstock has been established, 
this leads to the possibility of year-round breeding, where the total farm requirement for spat 
can be produced in batches (rotational farming) instead of during one single mass spawning. 
To estimate the costs and benefits of rotational farming, a comparison will be made between 
spawning all animals required for a 100 tonne farm in a single mass-spawning, once per year, 
as opposed to producing the same number of spat, but in six equal batches, produced at 2-
monthly intervals. Appendix 4, estimates the costs of these two alternatives. The assumptions 
made for this estimate are slightly different to those used in the previous section. Although 
these assumptions may not be absolutely applicable in any specific farm situation, they have 
been designed specifically to produce a relatively simple model which can easily be modified 
to include more accurate assumptions where appropriate farm-specific information is available. 
Also, the model has been designed to specifically highlight cost differences between the two 
systems, and therefore ignores factors that are unlikely to be affected (e.g. mortality rate).
Although it is again assumed that the animals will be grown to a market size of 95 mm, the 
length-weight regression shown in Figure 10.1 will be used for length at weight estimates.
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LENGTH VS WEIGHT
shell length (mm) weight (gm)
time in grow out
Figure 10.1. Length weight regression of farmed greenlip abalone
From Figure 10.1, it is estimated that a 95 mm animal will weigh 105g, and that to grow to this 
size from a 15 mm juvenile, requires between 2 to  months in grow-out tanks. If animals 
are marketed at 95 mm (105g) a 100 tonne farm will require 952,80 animals at market size. 
As mortality is unlikely to differ in the two systems, no estimate of mortality has been built into 
the model. Likewise, feeding rates and conversion efficiencies are unlikely to be affected and 
have, therefore, been assumed to be equal in both systems. In estimating labour costs, it has 
been assumed that semi-skilled labour would be required, and this has been estimated at a cost 
of $,466 per month.   
Costs of grow-out tanks have been estimated on the two-layered, plastic, slab tanks that are 
currently used at GSMH. These measure 16m x 2m, and the total installed cost of these (including 
shade-tunnel covers and all plumbing) is $282 per square metre. For the purposes of the model, 
the surface area of the animals is calculated on the assumption that they are exactly circular, and 
a stocking rate of 50% of total available tank surface area is assumed. As many farms stock at 
rates above this, the stocking rate can be easily modified in the model, to incorporate alternative 
rates. As the model is designed only to illustrate cost differences between the two systems, 
only the final 12 months of growth (between months 21 – 33) are included because it is during 
these months that the really significant differences occur. The growth cycle is broken down 
into 2-monthly periods and the surface area (and, thus, number of tanks), and associated water-
pumping and labour costs estimated according to the size of the animals at the end of each 2-
month period. Labour requirement is estimated on the assumption that one semi-skilled person 
could mange 50 tanks. To estimate the cost of pumping water, the same basic information 
that was applied to the weaning system is used, but it is estimated that, because of the large 
quantities of water required, unit costs could be reduced by about % from those used in the 
weaning system. Each slab tank requires  litres per second of water.
Based on these assumptions, it is estimated that in System A, where the entire 952,80 animals 
are grown through the system as a single batch, the maximum tank surface area required by the 
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entire batch (i.e. at the end of month ) would be 1,501 square metres, this equating to 422 
slab tanks, which require a total of 1,265 litres per second of water.  The labour requirement 
for these tanks would be 8.4 people, costing $58,496 over this 2-month period. Obviously, the 
water and labour requirements are less during the preceding months because the total biomass of 
animals is smaller. Total running costs for the entire batch are, therefore, estimated by summing 
the costs for each of the individual 2-monthly periods. This gives a total running cost, for the 
whole 12 months in System A, of $57,284.
In System B, spat are produced every second month, each batch, therefore, consisting of one 
sixth of the total required (i.e. 158,70 animals). In the model, the costs associated with each 
of the 6 batches are computed separately. This shows that, for Batch 1, the maximum number 
of tanks required (by the end of month ) is 70. However, this is not the total number of tanks 
required in System B, because, at that time, the other 5 batches also all have space requirements. 
The total maximum number of tanks required in the system can, therefore, be estimated by 
summing the tank requirements of each individual batch at the same time as Batch 1 reaches 
month . This gives a maximum total tank requirement of 24 tanks. This will, in fact, be 
the maximum number of tanks ever required in System B, because by the time Batch 2, has 
grown to require additional space, Batch 1 will have grown to market size and will be removed 
from the system, the tanks that they had been using now becoming available to Batch 2. Thus, 
System B shows a significant reduction in total tanks required, and this will be shown later in 
estimates of capital requirements. 
Overall running costs for System B can be estimated by summing water and labour costs for 
all six batches over the 12-month period. This shows that, in the first year of operation, running 
costs for System B are significantly less than in System A ($257,296 compared to $537,284), this 
being because of the smaller total number of tanks in use. However, the figure for running costs, 
although applicable to year 1, cannot be applied to subsequent years. From year 2 onwards, 
tank requirement in System A would begin with a relatively low requirement in months 21 to 
2 (141 tanks), gradually building up to 422 tanks in months 1 to . Associated pumping and 
labour costs also, therefore, gradually increase over this period. In System B, however, there 
will always be six batches, at varying degrees of development, growing through the system. 
Thus, in System B, the full 24 tanks will be required throughout the entire year. The model 
shows that, because of this, overall annual running costs are exactly the same, from year two 
onwards, in the two systems.
The really significant benefit of System B is its lower capital cost, resulting from the lower total 
tank requirement (24 compared to 422 tanks). This equates to a maximum total surface area 
requirement of 7,77 square metres (System B) compared to 1,501 square metres (System A). 
Given that capital costs of installed tanks is $282 per square metre, this means that the capital 
cost for tanks in System A is $,807,282 whereas in System B, capital cost for tanks is $2,191 
986. To run System B requires a captive broodstock, and so the costs of this must be added to 
those estimated for System B. However, because only about 100 broodstock animals would 
be required, they can be maintained in a relatively small system, the capital cost of which is 
estimated at not more than about $50,000. Running costs for the captive broodstock are unlikely 
to be much different to the cost of sending divers out annually to collect wild broodstock. Even 
when the additional $50,000 capital cost is added to System B, this still makes this system 
considerably less expensive than System A.
Inputs to the model from several operating farms throughout Australia, have suggested additional 
factors that should be considered in association with this cost benefit model. For example, the 
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model does not take into account differential growth rates of individual animals within a batch. 
If a batch contains both fast growing and slow growing animals, differential growth rates could 
lead to a natural spread of sizes as the animals grow, even when all animals are spawned at the 
same time. However, the experience of many farmers has shown that the most effective way 
to deal with differential growth rates is to cull slow growers at an early age. If this is done, 
differential growth rate would probably not significantly affect the assumptions of the model.
In some parts of Australia, difficulty in growing spat at different times of the year has also been 
suggested as a limitation to System B.  Normally, however, this results from short periods of 
low, mid-winter water temperatures and, in areas where this occurs, the cost of heating the small 
quantity of water required in the weaning tanks over this period, would have to be incorporated 
into the model. At least one farm, known to the author, has developed this capability and, even 
when the cost of this is included, System B is still considerably more financially viable than 
System A. 
11.0  Cost/benefit analyses of using seaweed diets in the 
nursery
Lachlan W. S. Strain1, Michael A. Borowitzka1 and Sabine Daume2 
1School of Biological Sciences & Biotechnology, Murdoch University, South Street, Murdoch, WA 6150, 
Australia. 
2Research Division, Department of Fisheries, Western Australia, PO Box 20, North Beach, WA 6920, Australia.
11.1 Results and discussion
All three methods to propagate red seaweeds, spore production, protoplast isolation and 
vegetative reproduction, can be used in the creation of a red seaweed diets for juvenile abalone 
on a small scale. However, in order to utilise these methods in the later nursery phase of a 
commercial abalone farm, algae requirements and consumable costs need to be considered and 
are summarised in Table 11.1.
The costs for individual methods are explained below:
Spore reproduction of red seaweeds
The production of tetraspores and carpospores by red algae is able to produce macroalgae 
germlings that are suitable for juvenile abalone (5–15 mm SL) consumption. However, spore 
production is extremely variable and is dependent on numerous factors including species, 
temperature, irradiance, day length, desiccation and osmotic pressure (Friedlander & Dawes 
1984, Garza-Sanchez et al. 2000, Guzman-Uriostegui & Robledo 1999, Orduna-Rojas & 
Robledo 1999). The number of carpospores released from a gram of fertile female gametophyte 
can be up to about 8 x 104 spores g-1 (Gracilaria arcuata, G. asiatica, G. corticata and 
G. pacifica) while tetraspore release of up to 1 x105 spores g-1 (G. arcuata, G. corticata, 
G. pacifica and Palmaria palmata) has been reported (Gall et al. 2004, Garza-Sanchez et al. 
2000, Kaliaperumal et al. 1986, Umamaheswara Rao 1976, Xiuliang & Meizhen 1989).
Spore survival and attachment success will influence the number of tetraspores germinating 
and ranges from 0 to 85% have been reported (Buschmann et al. 1999, Gall et al. 2004, Garza-
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Sanchez et al. 2000, Oza & Tewari 1994). Forty percent germination (survival) is adequate for 
the germlings to be grown for approximately 1-2 months to a sufficient size (1 cm) and density 
of 165 germlings cm-2 (Gall et al. 2004, Strain et al. 2006). Strain et al. (2006) utilised the green 
alga Ulva sp. but the germling density of 165 germlings cm-2 was found to be appropriate for 
juvenile Haliotis laevigata of .5 to 10 mm shell length.
Table 11.1. The algal biomass requirement and the cost of consumables for the three red algae 
methods required to seed the PVC plates in a nursery system of a commercial farm to 
grow juvenile abalone from 5 to 15 mm shell length.
Method Algal Biomass Consumable Cost
 (kg) $
Spore Production
Results
Fertile Thalli 822 0
Total Thalli 8,220 0
Optimum
Fertile Thalli 59 0
Total Thalli 592 0
Protoplast Isolation
Results 910 7,200,000
Optimum 8.55 17,614
Fragment Feeding Trial 10,600 44,00
Vegetative Reproduction 40 1,800
From the Plocamium mertensii sporulation experiment we estimated that 4.75x10 spores g-1 
were released. The area covered by germlings, if 40% of the spores germinate, can be calculated 
using Equation 1:
Garea = [ P x G ] / Gdensity  Eq. 1
where Garea is the area (cm
2) covered by germlings, P is the number of propagules produced per 
gram of wet weight thallus (propagules g-1), G is the germination (%) and Gdensity is the density 
of germlings required (germlings cm-2).
Therefore 1 g of fertile P. mertensii thallus produces enough spores to cover 11.5 cm2 of a PVC 
plate with germlings. If a commercial nursery requires 40 tanks (60, 60 x 0 cm PVC plates.
tank-1) to stock one season’s 5 mm SL juvenile abalone at 40 per plate, then the amount of fertile 
P. mertensii required can be calculated by: 
AB  =  Sarea / Garea  Eq. 2
where AB is the algal biomass required (kg) and Sarea is the total surface area of the PVC 
plates (cm2).
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The commercial nursery would require 4.5 t of fertile P. mertensii thalli for that season. However, 
the amount of fresh material actually required is considerably greater (52 t), as the fertile fronds 
are only a small percentage (8.69%) of the algal thalli collected in the wild.
If an optimum tetraspore release of 1.7 x 105 g-1 and survival (85%) was achieved (Oza & Tewari 
1994, Umamaheswara Rao 1976), only 59 kg of fertile tetrasporic thalli would be required. 
Again the total amount of red algae collected to provide the fertile thalli (≈10%) would be much 
greater, 592 kg.
Utilising algal spores to seed PVC plates allows a diet of juvenile red macroalgae (sporophytes) to 
be created at very low cost to a commercial nursery, as no consumables are required. However, the 
variability in spore release and germination alters the amount of biomass required considerably 
(approximately a factor of 10) as shown in Table 11.1. Seasonality of fertile material has also 
been shown to have a considerable affect on spore release and germination (Garza-Sanchez et 
al. 2000, Kaliaperumal et al. 1986, Xiuliang & Meizhen 1989). The seasonality of red algae 
can affect both the fertile frond maturity (how developed the spores are) and the percentage of 
fertile thalli in the population. It is also likely that there will be periods when no fertile thalli are 
available, requiring the nursery to plan ahead and maintain sufficient fertile material in culture 
so that it can seed the PVC plates when required.
Protoplast isolation of red seaweeds
After cell wall regeneration, protoplasts of Gracilaria sp. can form sporophytes on hard surfaces 
such as the PVC plates used in commercial abalone farms. However only a small percentage 
(<1%) of protoplasts isolated from various algae species form whole sporophytes (Chen & 
Chiang 1994, Cheney et al. 1986, Matsumura et al. 2000). If 1% of the 4.7 x 105 protoplasts 
isolated from 0.5 g of Gracilaria sp. (Table 11.1) germinated, then the area covered by germlings 
(sporophytes) can be calculated using Equation 1. 
Germlings would cover 57 cm2 of a PVC plate from the protoplasts isolated from 1 g of 
Gracilaria sp. thalli. Therefore the algal biomass required to seed the 40 commercial tanks 
used for one season’s stock calculated by Equation 2 is 910 kg. If the protoplast yield could be 
increased to 1 x 108 protoplasts per 1 g of Gracilaria sp. thallus (Araki et al. 1998) only 8.55 kg 
of Gracilaria sp. thallus would be required.
In order to produce protoplasts from the 910 kg of Gracilaria sp. a large quantity of enzymes 
would be required. Based on the protoplast isolation experiment above, the cost for the enzymes 
to treat the 910 kg would be $AUS 7.2 million. This cost would be reduced to $AUS 17,614 
if a protoplast yield of 1 x 108 protoplasts g-1 could be achieved as only 8.55 kg Gracilaria sp. 
would need to be treated.
Protoplast isolation reduces the amount of red algal biomass required to produce a red algal germling 
diet (Table 11.1) and removes the problems associated with seasonality (fertile thalli availability), 
as any part of the thallus can be used to produce the protoplasts. If cell wall regeneration and cell 
differentiation occurs, then germlings of red algae could be seeded on PVC plates; however, only 
a very small percentage of protoplasts survive to this stage (Chen & Chiang 1994, Cheney et al. 
1986, Matsumura et al. 2000). However this method comes at considerable cost, as the enzymes are 
very expensive (Table 11.1). Even if very high protoplast yields were attained on a regular basis, 
the cost of the enzymes is still about $AUS 18,000 for the season (Table 11.1). As for the spore 
production procedure, specialised culture equipment, laboratory facilities and skilled technicians 
would be required, increasing the cost to the farm and making this method an unrealistic approach 
to red algal diet production for a commercial abalone nursery (Buschmann et al. 1999).
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Fragment feeding trial with red seaweeds
In an red seaweed feeding trial (see Chapter 8) 5.4 kg of Laurencia sp. was used to inoculate 
180 plates (0.0 kg plate-1) each week as the fragments did not regenerate. In order to utilise this 
diet on a commercial scale and grow juveniles from 5 to 15 mm SL the amount of Laurencia sp. 
required will be considerably greater than if it was just an initial application. The time needed 
to achieve the 10 mm of juvenile growth will alter the number of applications required. If the 
juveniles continue at a growth rate of 58 µm day-1 the number of Laurencia sp. agar applications 
can be calculated by:
A = [ GI / GR ] / 7  Eq. 3
where GI is the growth interval (µm) and GR is the growth rate (µm.day-1). 
Based on Equation 1, Laurencia sp. will need to be reapplied 24.6 times to produce juveniles of 
15 mm SL. If the 40 commercial tanks plates (60 plates.tank-1) are applied with 0.0 kg plate-1, 
the Laurencia sp. requirement for the nursery can be calculated using Equation . Nearly 10.6 t 
of Laurencia sp. would be needed to produce the 15 mm SL juvenile abalone. 
To adhere the 10.6 t of algae over 6 months 44 kg of agar is required at a cost of $AUS 44,00 
(same assumptions, Equation ). If the Laurencia sp. fragments were able to regenerate only a 
single inoculation would be required, then this diet would require the same amount of algae and 
agar as outlined in the fragment culture section above.
The production of vegetative fragments, as with protoplast isolation, utilises whole algal thalli 
and removes the need for fertile material. The ability of most red algae to regenerate from small 
fragments (5-7 mm) allows the algae diet to grow once inoculated into the nursery system and 
this considerably reduces the biomass of algae required. However, the weekly re-application of 
Laurencia sp. to the plates in the fragment feeding trial is not sustainable, both in terms of the 
algal biomass required and the cost of the agar (Table 11.1).
Fragment culture of red seaweeds
The ability of Gracilaria sp. fragments to heal and attach to the PVC plates means only one 
application at the start of the juvenile nursery period is required. If the same amount of Gracilaria 
sp. and agar are required to seed a PVC plate as for the Laurencia sp. (0.0 kg plate-1) and agar 
(1.25 g plate-1) in the fragment feeding trial (above) then the amount of Gracilaria sp. and agar 
required to seed 40 commercial tanks (60 plates.tank-1) can be calculated by:
AB = Aplate x Pl x A  Eq. 4
where Aplate is the amount of algae/agar per plate (kg plate
-1), Pl is the number of plates used 
and A is the number of applications.
Therefore 42 kg of Gracilaria sp. and 18 kg of agar would be required by the commercial 
nursery. The cost of 18 kg of agar is about $AUS 1,800. Culturing the fragments at the abalone 
nursery would reduce the biomass of Gracilaria sp. needed to be collected. Thus, assuming 
that the Gracilaria sp. fragments grow at a specific growth rate of 4.42% day-1 then 100 kg 
of Gracilaria sp. would take approximately 100 d to produce enough biomass to seed the 40 
commercial nursery tanks.
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Vegetative reproduction by fragments appears to be a suitable and cost efficient method to 
produce red algal diets on a commercial nursery scale. Substantial work still needs to be done 
to optimise fragment regeneration and growth rates before red seaweed fragments can provide 
juvenile abalone with a suitable diet in the later nursery phase.
Spore reproduction of Ulva sp.
Ulva sp. germling production for juvenile greenlip abalone seems to be very cost effective 
because every single cell of the thallus can produce spores all year around and substantially 
less biomass is required than with red algae. Estimates have indicated that no more than 200 kg 
of Ulva sp. would be necessary to seed 40 commercial tanks (60 plates tank-1). Ulva sp. can 
easily be grown on site. Assuming that Ulva sp. grows at a specific growth rate of 4%, 20kg of 
Ulva sp. would take about 70 d to produce over 200 kg, enough to seed all 40 commercial tanks. 
A germling density of 165 germlings cm-2 which has been shown to be sufficient biomass for 
juvenile greenlip abalone (+5 mm shell length) for at least  months, at a stocking density of 28 
juveniles per plate (Strain et al. 2006).
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Section 4 – Benefits and adoption
This project had two main aims a) to improve spawning success and offspring performance of 
farm-grown greenlip abalone and b) to evaluate alternative feeds and nursery systems for the 
later stage of the nursery phase (5-15 mm in shell length).
A) Broodstock conditioning
During this project we established that even greenlip abalone broodstock conditioned 
and proportions spawned every 16 weeks when held at 17°C (1,11°C-days EAT), longer 
conditioning periods are required for consistent ongoing spawning success and offspring 
performance (>2,262°C-days EAT). This information is useful to commercial abalone farmers 
that are conditioning farm-grown or wild broodstock. We recommend rotating sets of broodstock 
so that individual sets are spawned only once every 8 months. 
In addition, we have identified important nutritional components, namely fatty acids, which 
influence the performance of abalone larvae at settlement. The ratio of the fatty acids arachidonic 
acid (ARA) and eicosapentaenoic acid (EPA) influenced settlement of abalone larvae. Ratios of 
above 1 (higher ARA component) resulted in settlement rates of >0%. Red seaweeds contain 
high amounts of ARA and an ARA to EPA ratio of above 1. In addition, seaweed diets are easier 
to manage in commercial conditioning systems, broodstock does not need to be disturbed as 
much because seaweed can be maintained in the system for at least 1 week. During this project 
we showed that feeding a seaweed diet to broodstock abalone  months prior to spawning, is 
sufficient to achieve elevated levels of ARA and an ARA to EPA ratio of above 1.
This information is of great use to feed companies and commercial abalone farmers. We 
recommend enhancing the levels of ARA in formulated broodstock conditioning diets and 
aiming for an ARA/ EPA ratio of above 1. Alternatively, farmers can feed a red seaweed diet to 
broodstock 3 month prior to spawning to achieve the same benefits.
B) Diets for juveniles
Two new diatom species (Cocconeis sublittoralis, Achnanthes longipes) were isolated and 
tested for commercial abalone culture in comparison to an already commercially used species 
Navicula cf. jeffreyi. The solitary cells of A. longipes attach to the substratum with a mucous 
thread and provide more biomass but grow better under high light conditions. This species is 
more suited to culture in unshaded tanks and higher in the water column, on plates closer to 
the water surface. Our strain of C. sublittoralis is substantially larger with a cell volume of 
20,184 µm compared to 67 µm for N. cf. jeffreyi. N. cf. jeffreyi is a pioneer species (early 
coloniser), which can be fed when juveniles are very small, whereas C. sublittoralis is likely 
to eventually out compete N. cf. jeffreyi when co-cultured. C. sublittoralis is a suitable diatom 
species for commercial abalone nurseries particularly during the latter phase of abalone nursery 
production. We recommend inoculating C. sublittoralis into the tanks when juveniles reach 
 mm in shell length, the species will grow, out compete others when tanks are heavily shaded 
and will become available when juveniles become photophobic (5-6 mm in shell length). The 
green alga Ulvella lens proved to be a good food source for juveniles larger than  mm in shell 
length and together with C. sublittoralis maintained adequate growth until juveniles can be 
weaned onto formulated feed.
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Culturing and maintaining microalgae (benthic diatoms for larger juveniles in the nursery 
system) involved more labour compared to the tank systems feeding formulated feed, suggesting 
that juveniles should be weaned onto a formulated feed once they reach 7 mm in shell length. 
A diet consisting of Ulva germlings was developed that proved to be a suitable additional food source 
for juvenile greenlip abalone. The diet produced particularly high growth rates when the seawater 
temperature was above 19°C. A red algal diet for juvenile abalone was successfully produced 
using small algal fragments (<1 mm) and agar. However this diet is too costly to produce because 
red algal fragments need to be renewed on a regular basis. Further developments are necessary 
to allow fragments to grow and regenerate once on the plates or to feed red algal fragments in a 
different tank system so adhering fragments to plates is not necessary (see below). 
The Ulva germling diet will be useful to commercial abalone farmers. In parts of Australia, were 
average summer seawater temperatures exceed 19°C, we recommend supplementing juveniles 
diets with seaweed germlings, so that weaning onto formulated diets can be delayed until 
autumn when seawater temperatures have dropped below 19°C. Commercial farms in Victoria 
have successfully produced Ulva germlings on horizontal surfaces in commercial weaner tanks. 
Seaweed germlings can be fed alone or in addition to formulated feed, reducing labour costs 
and providing a more divers diet.
Further development
A) Broodstock diets
We recommend enhancing the levels of ARA in formulated broodstock conditioning diets and 
aiming for an ARA/ EPA ratio of above 1. Further experiments will then be necessary to test if 
improved broodstock diets will result in improved larval settlement. Combined diets or rotation 
diets including both formulated and red seaweeds could be tested to establish if the same result 
can be achieved without changing the formulation of broodstock conditioning diets. 
B) Juvenile diets
A combined diet of a red and a green alga (Hypnea sp. and Ulva sp.) fed as germlings (plate 
system in nursery tanks) or as whole thalli in specially designed mesh pockets (in weaner tanks) 
are currently being tested in a feeding trial with juvenile greenlip abalone (5 mm in shell length). 
Less fertile material of the red seaweed is needed in the first treatment to produce germlings 
of the red alga because it is fed in combination and as such rendering red seaweed germlings 
suitable for commercial use. These two diet treatments will be compared to Ulvella lens (plate 
system in nursery tanks) and formulated feed (in weaner tanks). The weaner tank system may be 
more suitable to feed a seaweed diet to juveniles because the diet can be directly compared to the 
formulated feed and fragments do not need to be adhered to the vertical plates in nursery tanks. 
Planned outcomes
A) Improving spawning success and offspring performance of  
 farm-grown abalone.
Successful conditioning and spawning of farm-grown broodstock achieved:  
Successful conditioning and spawning as well as improved survival of offspring was achieved 
when a seaweed diet was fed to conditioned broodstock.
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Conditioning diets improved:  
Formulated conditioning diets can be improved by enhancing the level of a particular fatty acid 
(arachidonic acid - ARA) and ARA to EPA (eicosapentaenoic acid) ratio of above 1.
B)  Evaluation of alternative feeds and nursery systems during the latter   
 phase of abalone nursery production.
Several suitable algal food species were identified:  
The benthic diatom species Achnanthes longipes is more suited to culture in unshaded tanks, on 
plates closer to the water surface. The solitary cells of A. longipes attach to the substratum with 
a mucous thread and provide more biomass than prostrate species. A second benthic diatom 
species Cocconeis sublittoralis has a large cell volume of 20,184 µm is slow growing but 
likely to eventually out compete other species. C. sublittoralis is a suitable diatom species for 
commercial abalone nurseries particularly during the latter phase of abalone nursery production, 
when juveniles become photophobic (6-7 mm in shell length).
Two macroalgal diets were developed. Germlings of the green alga Ulva sp. proved particularly 
useful when seawater temperatures are high. In parts of Australia, where average summer 
seawater temperatures exceed 19°C, we recommend supplementing juveniles diets with 
seaweed germlings or fragments, so that weaning onto formulated diets can be delayed until 
autumn when seawater temperatures have declined below 19°C. A red algal diet for juvenile 
abalone was successfully produced using small algal fragments (<1 mm) and agar. Further 
developments are necessary to make the red algal diet economically viable.
Growth rates increased and weaning mortality reduced:   
Growth rates of 100 µm d-1 and above were achieved and maintained on the Ulva germling 
diet and on a mixed diet of Ulva – Ulvella – Navicula. However the size variation was highest 
in that treatment. The Ulva germling diet sustained particularly high growth rates during the 
summer months when seawater temperatures are high. Supplementing juvenile diets with 
seaweed germlings, will enable farmers to delay weaning onto formulated diets until autumn 
when seawater temperatures have decreased and thus weaning mortality is reduced. In addition, 
providing juveniles with seaweed germlings in weaner tanks at the start of the weaning process 
will reduce weaning mortality.
Increased cost effective aquaculture production:  
Culturing and maintaining benthic diatoms for larger juveniles in the nursery system involved 
more labour compared to the tank systems feeding formulated feed, suggesting that juveniles 
should be weaned onto a formulated feed once they reach 7 mm in shell length. However no 
extra infrastructure and minimal labour is necessary to culture Ulva germlings, making it a 
suitable additional diet to delay the weaning process. Growth-rates and survival are expected to 
be higher than on the formulated diet and juveniles will reach 15 mm in shell length 1 month 
earlier than juveniles feeding on formulated feed.
Conclusion
Broodstock conditioning
Greenlip abalone broodstock successfully conditioned at 17°C and 16 weeks (1,11°C-days 
Effective Accumulative Temperature - EAT) spawning intervals, however longer conditioning 
periods are required for consistent ongoing spawning success and offspring performance 
(>2,262°C-days EAT).
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Relative proportions of these fatty acids of the broodstock diets were reflected in the abalone eggs. 
Three months of feeding an altered diet is sufficient to alter the fatty acid profile of the abalone eggs.
The ratio of the PUFA`s arachidonic acid (ARA) / eicosapentaenoic acid (EPA) in abalone eggs 
and settlement rates were positively correlated. ARA/EPA ratios above 1 yielded high settlement 
rates of > 0%, whereas ratios below 1 resulted in lower than 0% settlement.
Diets for juveniles
This (FRDC 200/20) and the previous project (FRDC 1998/06) complete the abalone 
juvenile production cycle to up to 15 mm in shell length. The previous project investigated 
settlement induction cues and food items for post-larvae and juveniles smaller than 5 mm in 
shell length (Figure 12.1). The current project focused on the later stages of the nursery phase 
(5-15 mm in shell length). Feed requirements change as abalone grow. Figure 12.1 shows the 
sequence of recommended food items proposed for Australian temperate abalone species, in 
commercial farming systems. Table 12.1 outlines reasons and advantages for changing any of 
the food items during the later phase of the production cycle. Juveniles should reach 15 mm and 
grow 10 mm in approximately  months if the recommended algal food species are utilised. 
Several suitable algal food species were identified for the later stages of nursery production (5-
15 mm in shell length):
The solitary cells of the bethic diatom, A. longipes, attach to the substratum with a mucous thread 
and thus creates more biomass than a prostrate growing diatom. A. longipes grows well under high 
light conditions (1,412 - 4,400 lux) at both low (18°C) and high (25°C) temperatures indicating 
that this species is more suited to culture in unshaded tanks and higher in the water column, on 
plates closer to the water surface. The benthic diatom Cocconeis sublittoralis can grow well 
in a range of light intensities (80 - 1,217 lux) and is thus suited for the photophobic abalone 
juveniles (>  mm in shell length) as well as the changing light conditions in a commercial 
abalone nursery. 
Juvenile abalone were successfully maintained on diatom diets for at least 18 weeks (to ca. 8 
mm in SL) after which growth slowed. Specific growth rates and weight gain of abalone were 
highest in a mixed diatom treatment and biomass was highest in this treatment from week four 
onwards. Indicating that food biomass is more important for the maintenance of high growth rates 
of these animals than biochemical composition. A decision tree, helping farmers to select the right 
management strategy for their situation, is provided in Figure 12.2.
Germlings of the green alga Ulva sp. were developed as a diet for juvenile greenlip abalone (5-
10 mm in shell length) and growth rates exceeded 100 µm.day-1 indicating that Ulva germlings 
are a highly suitable additional food source for juvenile greenlip abalone. Growth rates were 
particularly high towards the end of the experiment when seawater temperatures were above 
19°C. Higher stocking density (80 juveniles per plate) on an algal diet showed reduced growth 
rates and overall lower average weight gain per individual. Survival was always higher on the 
algal diets (82 to 84%) than on the formulated feed (62 to 65%). The decision tree in Figure 12.2 
displays the alternative management strategies.
A red algal diet for juvenile abalone in the later nursery phase was produced by vegetative 
reproduction, using small fragments (<1 mm) of the seaweed and agar to adhere these to the 
plates. This diet was able to produce juvenile abalone growth rates comparable to those obtained 
with the Ulvella lens/Navicula cf. jeffreyi diet. However, further developments are necessary to 
make the red algal diet economically viable. 
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Shell length (mm)
Figure 12.1. Sequence of recommended food items proposed for Australian temperate abalone 
species, in commercial farming systems, as they grow.
Table 12.1. Decision making tool for commercial abalone farmers in Australia.
IF THEN ADVANTAGES
Juveniles reach 5 mm but 
algal food is low
Set up new Ulvella feed 
plates and reduce stocking 
density to 40 per plate.
Inoculate with cultured 
diatoms like Cocconeis 
sublittoralis if you have the 
infrastructure
Higher growth rates
Juveniles reach 7 mm but 
algal food is low
Set up new Ulvella feed 
plates with a supplement of 
Ulva sp. germlings
Higher growth- and survival 
rates
Seawater temp is above 
19°C
Delay weaning onto 
formulated feed and 
supplement with macroalgal 
germlings
Higher growth- and survival 
rates
Seawater temp is below 
19°C
Wean onto formulated 
feed in weaner system but 
provide juveniles with an 
algal diet for the first 2-3 
weeks to gradually introduce 
new food items.
Reduced labour costs and 
weaning mortality
Juveniles reach 10 mm Move into growout and feed 
commercial formulated diet
Reduced labour costs
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Algal food
Low High
Set-up new nursery plates 
colonise with Uvella and 
reduce stocking density to 
40 animals per plate by 
splitting tanks
Set-up new nursery plates 
colonise with Uvella and 
supplement with cultured 
diatom (Cocconeis scutel-
lum) reduce stocking density 
to 40 animals per plate
Shade tanks and rotate 
baskets regularly to 
prevent the growth of 
filamentous algae
Seawater Temperature
Below 19ºC Above 19ºC
Wean onto a formulated 
feed in special weaner 
system, provide with algal 
diet for the initial 2-3 days
Dealy weaning and 
supplement with macroalgal 
germlings (Ulva sp.)
Move into growout and feed commercial formulated diet
At 5mm
At 7mm
At 10mm
Figure 12.2. Decision tree for nursery management strategies for Australian temperate abalone 
species in commercial abalone farms.
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Appendix 1. Intellectual property 
The results of this project have become public domain and have been widely published. It is 
not anticipated that any patents will arise from this project.
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Fiona Parker, Mark Davidson and Sam Hair and during the earlier stages of the project Tahryn 
Mackrill, Stephen Ryan and Kylie Freeman, Department of Fisheries, Research Division, PO 
Box 20, North Beach WA 6920
Co-investigators: 
Rick Lambert, Steve Parsons from Great Southern Marine Hatcheries, Albany, WA 60
Prof. Michael Borowitzka and co-supervised PhD student, Lachlan Strain, School of Biological 
Sciences & Biotechnology, Murdoch University, Murdoch, WA 6150
Prof. Peter Cook, Centre of Excellence in Natural Resource Management, The University of 
Western Australia, Albany, WA 60
Collaborators on broodstock feed formulation:
Dr Brett Glencross and Wayne Hawkins, Department of Fisheries, Research Division, PO Box 
20, North Beach WA 6920
Collaborators on biochemical analyses:
Dr Stephen Fisher, Department of Fisheries, Research Division, PO Box 20, North Beach WA 
6920
Dr Hirotatzu Fukazawa, Department of Living Marine Resources, Ocean Research Institute 
The University of Tokyo, Japan
and during the earlier stages of the project State Chemistry Laboratory, Werribee, Victoria.
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Appendix 3. Broodstock diet formulation
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Appendix 3. Broodstock diet formulation continued
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Appendix 3. Broodstock diet formulation continued
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Appendix 4. Overview of cost-benefit analyses
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Appendix 4. Overview of cost-benefit analyses continued
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Appendix 4. Overview of cost-benefit analyses continued
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